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FOREY/ORD

This technical report presents the results of the Orbit Transfer Vehicle Engine Study.
The study wus conducted by the Pratt & Whitnev Aircraft Group, Government Products
Division of the United Technologies Corporation for the National Aeronautics and Space
Administration’s George C. Marshall Space Flight Center under contract NASS.3:4444.

The results of the study are contained in the following three volumes which are
submitted in accordance with the data requirements of Contract NASS-33444,

Volume I — Executive Summary
Volume {I -- Final Technical Report
Volume Il - Program Costs

This study was initiated in July 1979 with the technical effort completed in eight months
and the linal report delivered April 1980, The study effort was conducted under the ditection
of the George C. Marshall Space Flight Center Science and Engineering Organization with
Mr. Dale H. Blount as Contracting Otficer’'s Representative. The effort at PEWA/GPD was
carried out under the direction of James R. Brown, Program Manager.

The following individuals have provided significant contributions in the preparation of
this report.

Charles D). Limerick — Systems Pertormance Analysis
Donald E. Galler - Engine Cyele Analysis
Philip S. Thompsan - Programatics and Cost Analvsis
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" SECTION 1

INTRODUCTION

The objective of the Orbit Transfer Vchicle (OTV) engine study was to provide para-
metric performance, engine programmatic, and cost data on the complete propulsive spectrum
that is available for a variety of high energy, space-maneuvering missions. The OTV is planned
as a high-performance propulsive stage which can be used, in conjunction with the Space
Shuttle, to deliver/support large pavloads platforms to geosynchironous earth orbit (GEO) and
other orbits beyond low earth orbit (LEQ). Its role is similar to that of the “full capability”
Space Tug defined in 1974 with the primary ditference that the OTV will eventually be
man-rated. This engine study was conducted to satis{y a set of technical requirements derived
around the OTV system t¢ provide both engine system parametric data and preliminary
engine designs.

This study addresses the propulsion system spectrum by covering candidate OTV engines
from the near-term RL10 (and its derivatives) to-advanced high-performance espander and
staged-combustion cycle engines. A study plan flow diagram identifying program objectives is
shown in Figure 1-1. The RLI0/RL10 derivative performance, cost and schedule data were
updated and provisions defined which would be necessary to accommodate extended
low-thrust operation. Parametric performance, weight, envelope, and cost data were generated
for advanced expander and staged-combustion OTV engine concepts. A prepoint design study
was conducted to optimize thrust chamber geometry and cooling, engine cycle variations, and
controls tor an advanced expander engine. Operation at low thrust was defined for the
advanced expander engine and the feasibility'and design impact of kitting was investigated. An
analvsis of crew safety and mission reliability was conducted for hoth the staged-combustion
and advanced expander OTV engine candidates.

The schedule followed by Pratt & Whitney Aircraft during the performance of these
activities is shown in Figure 1-2. Results of the stvdy are detailed in the following sections of
this report. Engine definition and requirements are provided in Section 2, parametric studies
are discussed in Section 3, and Sections 4 and 5 present the advanced expander engine
optimization and low thrust operation, respectively. Crew safety and engine reliability are
discussed in Section 3 with engine program plans and estiinated costs in Section 7. Conelusions
and recommendations are presented in Sections 8 and 9.
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SECTION 2

BASELINE ENGINES

2.0 GENERAL

Three of the engines defined under Contract NAS8-28989 {the RL10 Derivative 11A, IIB
and Category IV) were undated during this study. In addition, the Derivative IIC was added 10
provide data on a moderately high-perfurmance engine for use in an early operational orbital
transfer vehicle (OTV). Further, the Advanced Expander Cycle engine which is a new 1880
state-of-the-art” high performance OTV engine candidate, was added. The primary technical
aspect of the RL10 derivative engine updating is related to the predicted specific impulse

values for the engines. Since the previous study was completed in 1973, testing with LO/LH,
of high-area-ratio nozzles (the ASE at 175 to 1 and 400 to 1 and the RL10 at 2ub to 1) has

indicated that the accepted JANNAF procedures (see Figure 2-1) for predicting engine specific
impulse are conservative. Figure 2-2 presents a comparison of JANNAF-predicted performance
and test data at a mixture ratio of 6 to 1. Figure 2-3 presents this data as a ratio of mea-
sured-to-precicted specific impulse and shows an apparent correlation of the difference with
nozzle area ratio {approximately a 1.3%¢ error at the 403 to 1 area ratio data point). It is
probable that this difference is due to difficulties in aceurately predicting boundary-layer loss
characteristics of high-area-ratio nozzles. Since the engines of this study all have high area
ratio nozzles (up to approximately 900 to 1) it was desirabl: to use a performance prediction
technique which provided a better correlation with the measared data if possible. It was found
that replacing the BLIMP nozzle houndary-laver-loss procedure with a simplified procedure
for calculating novzzle wall friction loss as a function of Mach number and gas properties
produced such a result. This simplified procedure produced results averaging approximately
0.2°, greater than the measured data (worst case 0.427 ) and did not correlate with nozzle area
ratio (see Figure 2-3). This technique was used for all specific impulse predictions of this study
including an adjustment of —0.27,

Additionally, the weight of the updated engines was adjusted to reflect the use of a
carbo-composite radiation-cooled extendible nozzle rather than the sheet-metal dump-cooled
design used in the previous study. The baseline engine design point characteristics of each
engine at 15,000 ib thrust are summarized in Table 2.1

A pgeneral deseription of the performance and operating characteristics of the baseline
RL10 Derivative TTA, D13, [1C, Category IV and Advanced Expander Cvele engines are given in
the following paragraphs. A more detailed deseription of these ehgines {except the Derivative
1C and the Advanced Expander Cyele) may be found in P&WA Report FR-G011, “Design
Study of RLIO Derivatives, Final Report, 15 December 1972,

ad
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TABLE 2-1. BASELINE ENGINE DESIGN POINT CHARACTERISTICS

Derivative Derivative Derivative Category Aduvanced

HA | IIB 11C v Expander
Full Thrust (vac), Ih 15,000 15,000 15,000 15,000 15,000
Mixture Ratio, Nominal 8.0 6.0 6.0 6.0 6.0
Chamber Preasure, psia 400 400 400 915 1505
Specific Impulse, sec 4598 4598 4586 4717 4120
Required Inlet Conditions (Full Thrust)
Fuel, NPSP, psi 0 0.5 2 0 0.5
Oxidizer, NPSP, psi 0 4 4 0 1
Installed Length, in. 65 55 55 55 60
Weight, |b 431 392 374 371 391
Nozzle Area Ratio 205 - 205 205 388 640
Engine Life, Firings/hr 190/5' 190/5'  10/1.25° 300/10' a00/10"
Engine Conditioning Tank-Head Tank-Heud Overboard Tank-Head Tank-Head
Idle Idle Dump Idle Idle
Cooldown
Maneuvering Thrust Capability Yes Yes No Yes Yes
(pumped idle}
Development Program
Time to FFC, Mo. 64 58 37 80 89
Cost. $79M* 100 79 21 157 243
*Including propellant cost, without Fee
1. Time Hetween Overhauls (TBO)
2. Expendable Mission
3. Desipn TBO
2.1 RL10 DERIVATIVE HA ENGINE
Thrust : 15,000 b
Chamber Pressure : 400 psia
Area Ratio : 205
] : 4598 sec at 6.0 MR
sp .
Operation : Full Thrust

(Saturated Propellants)
Maneuver Thrust
(Saturated Propellants)

\ Conditioning : Tank Head ldle
Weight 4311
— —3 Life ( TBO) : 190 Firings/5 hr
DDTEE Cost : $100 Million
/ \

FD 7%662¢
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2.1.1 Daefinition and Requirements

The RL10 Derivative 1A engine is derived from the hasic RL10A-3-3 but has increased
performance and operating flexibility for use in the OTV. With a nominal full thrust level of
15.000 Ib (in vacuum) at a mixture ratio of 6.0:1, the Derivative 1IA engine is delined as an
RL10A-3-3 with the following changes:

1. Twe-position nozzle with recontoured primary section to give a large
increase in specific impulse with engine installed length no greater than
the RLIOA-3-3 (71 in). With a truncated two-position nozzle installed, this
engine can be installed and tested in the existing test facilities at
P&WA/GPD.

2. Injector reoptimized for operation at a tull thrust mixture ratio of 6.0:1.

4 Tank head idle (THD capabilities, where the engine is run pressure fed
without its turbopump rotating on propeilants supplied from the vehicle
tanks at saturation pressure. Propellant conditions at the engine inlets can
vary from superheated vapor, through mixed phase, to liquid. The objec-
tives are to supply low thrust to settle vehicle propellants and also to
obtain useful impulse from the propellants used to condition the engine
and vehicle feed system.

4. Operation at low thrust in pumped mode (maneuver thrust) but without
significant impact on the engine’s design. ‘This thrust level was selected as
95'  of full thrust in the previous study.

5. Two-phase pumping capability, allowing operation at both full and maneu-
ver thrust levels with saturated propellants in the vehicle tanks and with
no tank pressurization system or vehicle-mounted boost pumps.

6. Capability for both H, and O, autogenous pressurization which may be
required on very long burn missions in order to avoid excessively low
propellant vapor pressure,

2.1.2 Description

The general arrangement of the RL10 Derivative I1A engine is shown by the installation
drawi=-s in Figures 2-4 and 2-5. This engine is interchangeahle with the RL10A-3-3 except for
the tarer diameter of the propellant inlet valves and the shorter distance between the inlet
valve interfaces and the engine reference plane.
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Figure 2-5. Derivative HA Engine Instatlation Drawing (Sheet 2)
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The principal components of this engine are shown in Figure 2-6. To be able to pump
two-phase propellants, larger inlet shutofl valves, a redesigned fuel high-speed inducer (which
is based on the RL10 Mod 2 design), and a new gear-driven oxidizer low- speed inducer are
required. To avoid changing the location of the engine/vehicle propellant system interfaces, the
oxidizer pump and its shaft are rotated through 180 deg. This arrangement is illustrated by
Figure 2.7 which compares the RLI1GA-3-3 and Derivative [IA turbopumps. The fuel pump
interstage chilldown valve is deleted, since the engine is conaitioned by running in TH! mode.
A GO, heat exchanger, GO, control valve and turbine bypass valve are added to enable the
engine to run in THIL Fuel and oxidizer tank pressurization valves are added to give
autogenous pressurization capability. Additional solenoid valves and modifications to the
oxidizer flow control valve and thrust control valve give the engine its capability to operate in
three modes. A dual exciter gives improved ignition reliability in THI. The primary nozzle is
recontoured and a jackscrew-operated, two-position, radiation cooled extendible nozzle is
added. The primary nozzle exit diame: :r is fixed at 40 in., since this is the limiting diameter
for the extendible nozzle to be retracted over the engine's power head and is also the largest
size which allows installation with a truncated extendible nozzle in P&WA/GPD E-6 and E-7
test stands. The injector is reoptimized to give improved performance at a mixture ratio of 6.0.
The engine maintains the same design margins as the RL10A-3-3 engine since the chamber

pressure level remains unchanged and the turbopumps are basically unchanged.

The dry weight of the engine and its subassemblies are suramarized in Table 2-2. Of the
total engine weight of 431 ib, 35% consists of the weight of the existing hardware, 57% is

calculated from layout drawings, and 8% is estimated.
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Figure 2-6. RL10 Derivative IIA — Propellant Flow Schematic
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Figure 2-7a. RL10A-1-3 Turbopump Assemblv Shoun in Comparison With
Derivatice A Turbomachinery (Refer to Figure 2-7b)
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Figure 276, Derivatiee A Turbopump Assembly Showen in Comparison With
RLIOA-33 Turbomachmers (Refer to Figure 2-7a)
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TABLE 2.2, RL10 DERIVATIVE HA ENGINE

WEIGHT

Turbopumps and Genrhox 99 Ib
Thrust Chamber and Primary Nozzle 110 Ib
Fxtendible Nozzle Actuatiun System 40 1b
Extendible Nozzle 25 1b
GO, Heat Exchanger 13 Ib
Controls, Valves & Actuators 83 Ib
Plumbing and Miscellaneous Hardware 46 ib
Ignition System 15 Ib

431 b

2.1.3 Operation and Performance Characteristics
2.1.3.1 Operation

The engine is started in THI mode, with propellants supplied in vapor, mixed. or liGuid
phases.

With the inlet shutott valves upen, fuel {lows through the pump, the thrust chamber
cooling jacket. around the turhine, through the GO, heat exchanger, and into the main injector.
Similarly, the oxidizer flows through the pump, and with the oxidizer flow control valve shut,
all the flow goes through the heat exchanger to the injector. The aperating conditions shown
on Figure 2.8 are for a thermally conditioned engine with liquid propellants supplied at 16
psia.

tlol pua, S7IVR
100% Hy FLOW

FD T62468

Figure 2-8. RLI10 Derivative HA Propellant Flow Schematic — Tank Head Idle
Mude

After pump comditioning has been completed in 'THI mode. the engine is ready to be
brought to its mane wver thrust level for low AV maneuvers or as a step on its aceeleration to
full thrust. To start the turbopumps, the main fuel shutoft valve is opened. and the turbine
bypass valve is closed momentarily to give a high initial turbine torgue and is then reopened to
the maneuver thrust position. Fiyure 2-9 shows the engine operating at mancuver thrust.

12
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D TaliTh

Figure 2.9 RL10 Derivative A Propellant Flow Schematic — Maneuter
Thrust . .

By closing the turbine bypass valve, the engine is accelerated to full thrust. At about 907,

of Tull thrust, the thrust control valve opens to reduce thrust overshoot, Operation of the
engine a full thrust and 6.0 mixture ratio is shown in Figure 2-10.

28 0 Hr vac
P - 160 pua
TWO PHASE

]
H2) 3 ) _' \i.x
e UL

TWO PHASE

=

!

igallls

Figure 2-10. RL10 Derivative A Propellant Flow Schematic — Full Thrust
(MR=6.0)
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2.1.3.2 Performance

The steady-state performance characteristics of the RL10 Derivative 11A engine are
summarized in Table 2-3.

TABLE 2.3. PERFORMANCE CHARACTERISTICS OF RL10
DERIVATIVE 1A ENGINE

Operating Mode Tank Mead Idle  Maneuver Thrust  Full Thruat
Thrust, 1b 170 3.750 15,000
Mizture Ratio 4.0 6.0 60
Chamber Pressure, psia 5.1 102 400
Specific Impulse, sec 438 446 4598
Fuel Turbopump 0 13,564 28570

Speed, rpin
Oxidizer and Fuel Pump 2~ 16 peia >10 psia, >10 psia,
Inlet Condition [.imus {Superheated, <70% Vapor <407 Vapor
mised phare
or liquid)

2.1.4 Programmatics
2.1.4.1 Engine Daevelopment

The total development program withiout predevelopment activity for the haseline De-
rivative HA engine will require a 64-month design, fubrication, and test effort. This effort will
encompass three design, build, test eyeles to Final Flight Certification (FFC). Figure 2-11 shows
the development scheduie and presents the major program mitestones and keyv decision points
as well ns the tetal development program. The total development funding requirements and

cost breakdown by tunction are given in Figure 2-12,

The total and design verification development programs tincluding propellant costs) are
summarized in Table 2-1

2.1.4.2 Production Engine Cost

'i'he estimated first unit cost of a Derivative HA production engine is $1.56 million.
2.1.4.3 Operationsl and Flight Support Costs

Summary of Costs:

Missions per vear 15 30 45
Total costs for 12 vears, $ B! *hon 8.2 860 1027

TABLE 2 £, SUMMARY OF TOTAL AND DESIGN VERI
FICATION PROGRAMS, RLIO DERIVATIVE HA

Tutal Design Allowance for

Development -~ Vertfication = Redesign and

Progrum Program KRevenfication

Equivalent Sets of Yagines 26 10 = 1A (R1.5")

Enmine Huilds and Rebuilds 90 .- A8 - 32 (35.57)
Engine Tests 850 — H50 = 200 (357)

Duration to FFC in Months 64 - 56 = R {I125%)

Total Cost, $ Midhion Yoy - 597 = 402 (40.27)

14
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2.2 RL10 DERIVATIVE HB ENGINE

Thrust : 15,000 b
Chamber Pressure ¢ 400 psia
Area Ratio 1 205
'sp : 459.8 sec at 6.0 MR
Operation : Fuli Thrust {Low NPSH)
: Pumped idle
{Saturated Propellants)
Conditioning : Tank Head idle
. Weight : 392 Ib
Lite (TBO) : 190 Firings/5 hr
o R DDT&E Cost 1 879 Million
" ]

FD 758629

The RLe0 Derivative HB is similar to the Derivative 1A vngine except that it does not
have the requitement for two-phase pumping capability at full thrust. Therefore, this sum-
mary will emphasize those aspeets of the Derivative HB engine which differ froma the
Derivative 1A,

2.2.1 Definition and Requirements

The RLI0 Derivative 1B is defined as the basic RLIOA3-3 engine with the following
changes:

Lo Twao-position nozzle with recontoured primary section
2. Reoptimized injector
A Tank head idle mode

4. Pamped idie mode, with saturated  propellants in vehicle tanks, and
hootstrap autogenous pressurization. This mode of operation allows the
RLTGA 3.3 Bl of Material turbopump to be run at a sulticiently Jow
speed where prepressurization subicaoling of the propcliants ar the pump
inlets is not required. By using the engine’s bootstrap HUHTOSC OIS PPessiir-
ization capabilitv, the tanks can then be prepressurized 1o satishv the
erezine’s full thrast pump inlet net positive svcton head (NPSEHD Tenuire-
tenls hetore aceeleration to tull thrust,

2.2.2 Descuption

The generad arrangement of the RETO Devivative HB engine iy shown in the mstallation
drasing< in Fiures 2 13 and 2110 This engine is interchangeable with the RELTOA- 325,
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Figure 2-13. Derivative IIB Engine Installation Drawing (Sheet 1)
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Figure 2-14. Dertvative 1B Engine Installation Drawing (Sheet 2)
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The principal components of the RL10 Derivative II1B engine are shown in Figure 2-15.
This engine uses the RLIVA-3-3 Bill-of-Material turbopump and inlet valves but in other
respects is essentially the same as the Derivative 11A engine. Like the Derivative IIA engine,
this engine also maintains the RLI0A-3-3 engine design margins.

The dry weight of the engine and its subassemblies are summarized in Table 2-5. Of the
total engine weight of 392 lh, 44°, is weight of existing hardware, 43¢, is calculated from
layout drawings, and 13, is estimated.
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Figure 2-15. RLI10 Derivative IIB Propellant Flow Schematic

TABLE 2-5. RL10 DERIVATIVE IIB ENGINE

WEIGHT”
Turbopump and Gearbox 79 1b
Thrust Chamber and Primary Nozzle 110 1b
Extendible Nozzle Actuator System 40 1b
. “xtendible Nozzle 25 1b
GO, Heat Fxchanger 13 1h
Controls, Valves & Actw tors 66 1h
Plumbing and Miscellancous Hardware 44 ib
Ignition System 15 1b
Total Dry Weight 392 th

2.2.3 Operation and Performance Characteristica
223.1 Operation

The operation of this engine is basically the same as that of the Derivative HA, and
wopellant settling and engine thermal conditioning in THY is carried out in the same manner.
4 5
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Further analvsis of RL10 pump cavitation data carried out during the 1973 study showed
that the Bill-of-Material inducers coutd be operated at welt over 20°, of full thrust without the
propellants needing to be prepressurized. By increasing the thrust level for pumped idle mode
te 25 of full thrust, the need for a cavitating venturi in the fuel svstem and the risk of
oxidizer injector flow instability were hoth eliminated, while the prepressurization supply
pressure was increased. The thrust level for the pumped idle mude of the Derivative B was
theretore made the same as the maneuver thrust level of the Derivative A, and acecleration
to this operating mode is carried out in the same way. A wide range of prepressurization
flowrates can be supplied in pumped idle mode with little change in engine thrust, although
active control valves are not used.

Acceleration to full thrust and operation at this level is the same as that of the Derivative
IHA engine, except that propellants with positive NPSH have to be supplied to the engine,
either by using the engine’s autogenous pressurization system or with seme vehicle-supplied
svstem, i.e., boost pumps, helium pressurization, ete. Operation of the engine at full thrust and
6.0 mixture ratio is as shown in Figure 2-16.

488 psia

P 197 pua ( -
NPSH - 75 1
Y 1 i
(7 ) 5 r A S
"'\/"j“'ﬁ 11140 1pm
780 ih ux o g

. P

P 164 e ("‘* :
NPSH - 14 1t ‘: 3 i

SR I
i3 =
bnxe.a wo
\f
S H

Fipure 2-16. RL10 Derivative 1B Propellant Flow Schematic -~ Full Thrust
(MR-6.0)
2.2.3.2 Performance

The steadv-state performance characteristies of the RL10 Derivative I3 engine are
summarized in Table 2.6,
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TABLE 2-6. PERFORMANCE CHARACTERISTICS OF- RL10 DERIVA.
TIVE 1IB ENGINE

Operating Mode Tank Head Idle Maneuver Thrust  Full Thrust
Thrust, 1b ’ - 170 Co. 3,750
15,000
Mixture Retio 4.0 6.0 6.0
Chamber Pressure, psia 5.2 102 400
Specific Impulse, sec 438 446 4598
Fuel Turbopump
Speed, rpm 0 13,360 27,850
Pump Inlet Condition
Limits
Fuel >16 psia  Superheated >10 psia >14 ft NPSH
Mixed phase <65", Vapor
Oxidizer >16 psia  or Liguid >10 psia =75 ft NPSH
<45’ Vapor
Fuel System Pres- NA 0 to 0.15 th/sec 0 to 0.1 lb/sec
surization Supply 550° to 520°R 440°K
Ozxidizer System Pres- NA : 0t 2 lb/rec 0 to 1 Ih/sec
_:g_zizalinnﬁ_l}m}ly H70° o Z:IQf’R 450° to 255°R

2.2.4 Programmalics
2.2.4.1 Engine Davelopment

The total development program without predevelopment activity for the baseline De-
rivative HB engine will require 58 months ol design, fabrication, and test etfort. Thix effor
will encompass three design/build/test eyeles to FFC. Figure 2-17 shows the development
schedule and presents the major program milestones and key decision points. The total

development funding requirements and cost breakdown by function are given in Figure 2 18.

The total and design verification development programs (including propellant costs) are
summarized in Table 2-7.

2.24.2 Production Engine Cost

The estimated first unit cost of a Derivative 1B engine is $1.50 million,
2.2.4.3 Operation Flight Support Costs

Summary of Costs:

Missions per year 15 30 15

Total costs for 12 vears, ¥ Million 689 TEhH 0 930
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TABLE 2.7. SUMMARY OF TOTAL AND DESIGN VERI-
FICATION PROGRAMS, RL10 DERIVATIVE 1IB

Total Design Allovance for

Development ~— Verification = Redvsign and

Program Program Reverification
_Equivalent Sets of Engines 23 - 9 = 14 (61%)
Engine Builds and Rebuilds 80 - 53 = 27 (34%)
Engine Tests 750 - 500 = 250 (33°)
Duration to FFC in Months 59 - 50 - 9 (15%)
Total Cost $ Million 789 - 4.6 - 323 (41%)

2.3 RL10 DERIVATIVE iC ENGINE

Thrust : 15,000 1b
Chamber Pressure . 400 psia
Area Ratio : 205
Isp : 458.6 sec at 6.0 MR
Operation : Full Thrust {(Low NPSH)
Conditioning : Overboard Dump
Weight . : 374 b
Lite {(Expendable Mission) : 10 Firings/1.25 hr
DDT&E Cost . $21 Million

f \

O 750820
The RL10 Derivative 11C engine is included in this report, even though it was not one of
the engines defined in the original study, because it is a low-cost, high-performance candidate
engine for an early expendable OTYV,
2.3.1 Definition and Requirements
The RL1O Derivative HC is the existing RLI0OA-3.3 engine, with the addition of a
high-area-ratio, two-position nozzle and requalified 1o operate under OTV conditions. As a
result, there are the following changes in engine requirements from those of the RLIOA-1-3
RBill-of-Material engine:
a. Two position nozzle with recontoured primary section
b, Mixture ratio increased to 8.0 ( » 0.5)
. H, autogenous pressurization

d.  Increased hite

e 0 redaced NPSH Hmit and minimum pump inlet pressures reduced
from 50 to 28 psia (H.) and from 45 1o 35 psia (O
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232 Deocription

The general arrangement of the RL10 Derivative 11C engine is shown by the engine
installation drawings in Figures 2-19 end 2-20,

110 !

ENGINE '
REFERENRCE PLANE

— ¥

71 DIA

FO 72043C

Figure 2-19. RL10 Derivative HC Installation Drawing (Sheet 1)

FUEL INLET
2156 1D

ELECTRIC AND PNEUMATIC
INTERFACE PANEL .

~——— FUEL TANK
PRESSURIZATION

ACTUATOR VALVE

ATTACHING POINTS

FI) 12045A
Fgure 2200 RELIO Dertcatice HC Installation Drauing (Sheet )
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The principal components of this engine are depicted in the flow schematic in
Figure 2-21. Other than the two-position nozzle and actuation system, only minor mod-
ifications trom the Bill-of-Material RLIOA-3-3 are required. An extra solenoid valve is added
to minimize overhoard cooldown propellants needed to prestart condition the engine. The
boic RL10 has been satisfactorilv run at mixture ratios well in excess of 7:1; thus, only minor
trim adjustments are required to meet the 6.0 mixture ratio requirement. The fuel tank
pressurization valve is the same design that was used on the RL10-powered S-1V vehicle. No
muodifications are required to meet the increased life requirement, since the major RL10 engine
components have a demanstrated life of vreater than 190 firings and 5 hr. Similarly, no

maodifications are required to meet the reduced NPSH and minimum pump inlet pressure
requirements.
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Pigwre 22210 Propellant Flow Schematic for Derivative 11 Engine

The dry weight of the engine and its subassemblies are summarized in Table 2-8. OF the
total engine weight of 374 th, 50°, is weight of existing hardware, 357 is caleulated from
lavout drawings, and 15", is estimated.
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TABLE 2-8. RL10 DERIVATIVE IIC ENGINE
WEIGHT
Tutbopump and Gearbox 9 1b
Thrust Chamber and Primary Nozzle 110 1b
Extendible Nozzle Actuator Sy-tem 40 1b
Extendible Nozzle 25 1b
" Controls, Valves and Actustors - 61 1b
Plumt.ing and Miscellaneous Hardware 4 1h
Ignition System 15 1b

Jaih

Total Dry Weight

23.3 Operstion and Performance Characteristics
2.3.3.1 Operation

This engine is conditioned, like the RLIOA-3-3, by dumping propellants through the
engine hefore the turbopump is started. By adding the third solenoid. which allows the
optimization of tuel and oxidizer chilldown times, the amount of propellants needed 1o
condition the engine are reduced. The Tuel system is thermally conditioned by hydrogen which
enters through the inlet shutotf valve and then passes through both stages of the unshrouded
fucl pump. With the main fuel shutotf valve closed, this hvdrogen is vented overboard through
the interstage and discharge contdown valves. The axidizer svstem is thermally conditioned by
cxven entering through the mlet shutot! valve, maving through the pump, and with flow
restricted by the small starting flow area ol the oxidizer control valve, the oxveen is discherged
overboard through the oxidizer nozzies in the injector and out of the thrust chamber.

The engine is started by energizing the igniter and opening the main fuel shutoff valve,
The fuel proceeds through the pass and a half-tubular thrast chamber where it cools the
chamber and picks up the energy needed to drive the two stage tarhine which powers the main
pumps. The flow i~ controlled by bypassing the fuel aromesd the turbine with the controller
sensing thrust chamber pressure, Fhe single-stage shrouded oxidizer pump and inducer is gear
driven from the fuel turbopump. The engine fuel misture ratio is varied by the oxidizer flow
cantrol valve which is controlled by the vehicle's propellant utilization svstem. Operation of
the engine at full thrust and 6.0 mixture ratio is shown in Figure 2.2,

2.3.3.2 Performance

The present specification limits for the RLTOA-33 minimum pump inlet pressiure and
NPSH requirements are in excess of the engine's demonstrated capability. These limits for the
RLIO Derivative 110 cnzre have theretore been reduced, s shown in "Fable 229, This talle
alvo compares the main Characteristies of the RLI0 Derivative T1TC with those ot the
Bill of Naterial RET0OAGS presently in prododction.
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TABLE 2.9. COMPARISON OF RL10 DERIVATIVE HLIC AND
RL10A-3-3 CHARACTERISTICS

RL10
Derivaiive

N RII0A33
Thruat, b 15,000 15,000
Mixture Ratio 6.0 50
Chamber Pressure, psia 400 400
Specific Impulse, sec 458.6 444
Nozzle Area Ratio 205:1 LYR!
Installed Length, in. 55 <0
Dry Weight, ib 374 Rt (M
Mission Life, firin ./hours >10/1.25 ~3/1.1
I, Tank Pressurization Capability Yes No
Minimum Pump Inlet Pressure At Start — HJ/O,, psia  28/35 /45
Minimum Required NPSH — H,/0,, ft 65/8 13516

*Excludes weight of instrumentation.

2.34 Programmatics

2.3.4.1 Engine Development

The total development program without predevelopment activity for the Derivative 11C
engine requires 37 mo of design, fabrication, and test effort. This effort will encompass one
design/build/test cycle to FFC. Figure 2-23 shows the total development program schedule and
presents the major program milestones and key decision points. The total development
funding requirements and cost breakdown by function are given in Figure 2-24,

Design Verification Specifications were not generated for this engine. T he total develop-
ment program is summarized as fellows:

Equivalent Sets of Fngines © 8
Sngine Builds and Rebuilds 10
Engine Tests 185
Total Cost — $ Million 20.6

It an increased lite version of the RLIO Derivative IC engine (in excess of the
10 firings/1.25 hr version) were required, it is estimated that only a modest addition to the
program would be necessary to quality the engine for a 60 firings/2.5 hr life. This addition
would consist of 2 equivalent engine har lware sets, 1 additiona! engine rebuild, 60 engine tests
and approximately $2 million dollars. Tris program would not, however, quatity the nozzle
extension for the extended life; the life of this component would be determined in service by
continuiny use with frequent inspections until a cause for removal is found. it s expectad,
however, that the relatively favorable environment of the nozzle extension will allow the
mission life requirements to be easily met or exceeded.

2.3.4.2 Production Engine Cost
The estimated first unit cost of a Derivative HC production engine is 21235 million.

2.3.4.3 Operation and Fiight Support Costs
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.24 RL10 CATEGORY IV ENGINE

h

Thrust : 15,000 Ib

Chamber Pressure : 815 psia

Area Ratio ¢ 388

Isp 1 471.7 sec at 6.0 MR
Operation * Full Thrust

(Saturated Propellants)
! Maneuver Thrust
{Saturated Propellants)

Conditioning ! Tank Head ldle
Weight : 371 b

Life (Design TBO)  * 300 Firings/10 hr
DDT&E Cost ¢ $157 Million

. FD ?
2.4.1 Dsfinitions and Requirements 41248

Unlike the Derivative I baseline engines, which are modified versions of the RL10A-3-3,
the RL10 Category IV engine is a “clean sheet” design. However, it is not an ad-
vanced-techno'ogy engine, since it uses the same expander power cycle and basic design
concepts of the RL10. Basically, it is a 1973 update of a design optimized specifically for use in
the OT'V. The vaseline RL10 Category IV engine has the following requirements:

1. Interface requirements: interchangeable with RL10 Derivative 11A.
2. Qperating modes: Same as RL10 Derivative 1IA, ie.,

® Tank head idle mode
® Maneuver thrust
® Two-phase pumping capability at full thrust

3. Desizn life: 300 firings and 10 hr
4. Thrust level: 15,000 Ih at 6.0 mixture ratio
ha

b=

Performance: optimize.

242 Description

The general arrangement of the RL10 Category IV engine is shown in the installation
drawings on Figures 2-25 and 2-26. As required, this engine is interchangeable with the RL10
Derivative HA. and the installed length was selected so that it would be the same as the
mintmum length Derivative THA engine.

The principal components of the RL10 Category IV engine are shown in Figure 2-27. To
obtain two-phase pumping capability at full thrust, fuel and oxidizer low-speed inducers are
used. ‘These inducers, which are of the same suction design as the oxidizer low-speed inducer
on the R1.10 Derivative HA, are gear driven from high-speed pumps. As on the current RL10,
a two-stage fuel pump is used with a two-stage turbine. The fuel impellers are fully shrouded
to obtain high efficiency, since high tip speeds are not required. The single-stage oxidizer
pump is driven by a single-stage turbine used in series with the fuel turbine. This was done so
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that the gears could be retained but the power transmitted through them could be reduced,
leaving their stresses lower than in time RLI10A-3-3. By gearing the pumps and inducers
together, a complex closed-loop control system (and thus control problems especially during

transient operation) is avoided.
(SHEET 1)

114.00

o— ENGINE REFERENCE PLANE

/A', I
.: /W/‘FP/
é
66.20
DIA DIA
\
|
€ = 401

0 170404

Figure 2-25.  Category IV Engine Installation Drawing
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The combination of nickel alloy turbines and the expander power cvele give turbine life

margin.

To meet the thrust chamber life requircments, a milled channel chamber has been

selected, but the design of the two-position extendable nozzle and primary nozzle is concep-
tually the same as that used in the Derivative Il engines. The control system is also basically
the same as that of the Derivative 11 engines, except that the main fuel control valve combines
the functions of the thrust controller, turbine bypass, and fuel vent valves. The GO, heat
exchanger design is the same as that used on the Derivative 11 engines. The igniter system

utilizes redundant exciters and is of an updated lightweight design.

The dry weight of the engine and its subassemblies are summarized in Table 2-10. Of the
total engine weight of 371 b, 56 is calculated from layout drawings and 44° is estimated.

Table 2-10. RL10 CATEGORY IV ENGINE

WEIGHT
Turbopumpsa and Gearbox 91 1b
Thrust Chamber and Primary Nozzle 87 1b
Extendible Nozzle Actuation System 35 tb
Extendible Nozzle 26 1b
GO, Heat Exchanger 13 1b
Controls, Valves and Actuators 4 th
Plumbing and Miscellaneous Hardware a8 Ib
Ignition System T

371 1b
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24.3 Oporstion and Performance Characteristice

24.31 Cperation

The operation of this engine is basically the same as that of the Derivative IIA engine.
With the start solenoid and bypass solenoid No. 1 energized, thermal conditioning in tank
head idle mode is carried out with the engine operating as a pressure-fed system without
turbopumps rotating. By de-energizing bypass solenoid No. 1 and energizing the other two
solenoids, the main fuel shutoff valve is opened and the turbine bypass in the main fuel
control valve is first closed, diverting all the fuel through the turbines, and subsequently, as
turbine inlet pressure builds up, reopened to allow the en,ine to stabilize at maneuver thrust
level. De-energizing bypass solenoid No. 2 closes this bypu-~ accelerating the engine to full
thrust, at which time the thrust controller element of the main fuel control valve takes over
thrust control by regulating turbine bvpass flow. Operation of the engine at full thrust and
6.0 mixture ratio is shown in Figure 2-28.

8T REIHIN]

27.4 1o/rec
P+ 160 pua
TWO PHASE

RUSLIES

P« 150 pwa
TWO PHASE

| SRTEETIE HR000 0 0 S

FD 729188

Figure 2.28. RLI10 Catzgory IV Propellant Flouw Schematic — Full Thrust
(MR=6.0)

2.4.3.2 Engine Characteristics

The steady-state performance characteristies of the baseline RL10 Category IV engine

are summarized in Table 2-11.
2.4.4 Programmatics
2.4.4.1 Engine Development

The total development program for the ba.ciine Category IV engine requires 80 months
of design, fabrication and test effort. This etfort will encompass three design/build/test eveles
to FFC. Figure 2-29 shows the total development program schedule and presents the major

program milestones and key decision points. The total development funding requirements and
cost breakdown by function are given in Figure 2-30.

ar
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Engine development is planned to be accomplished in the same manner as previously
described for the Derivative Il engines. Although design verification specifications (DVS's)
were not formulated for the Category IV engine design during this study, an estimate of
verification program requirements was made by comparing the Category IV engine design with
tho Derivative [1A engine design and deriving the design verification program for the Category

IV engine from that of the Derivative 1A engine.

This derived design verification program is compared with the total development pro-

gram in Table 2-12,

2.4.4.2 Production Engine Cost

The estimated first unit cost of a Category IV engine is $1.76 million.

2.4.4.3 Operation and Flight Support Ccsts

Summary of Costs:

Missions Per Year 15 30 45
Total Costs for 12 Years $ Million B86.1 945 1035

TABLE 2-11, STEADY-STATE PERFORMANCE CHARACTER-
ISTICS OF RL10 CATEGORY IV ENGINE

Operating Mode Tank Mead ldle Maneuver Thrust Full Thrust__
Thrust, b 79 3,750 15,000
Mixture Ratio 4.0 6.0 6.0
Chamber Pressure, psia 5.6 234 915
Specific Impulse, sec 445 458 471.7
Fuel Turbopump ' [V} 32,000 75,000

Speed, rpm
Fuel/Oxidizer Pump Inlet >16 psia >10 psia 210 psia
Condition Limits Superheated <70 Vapor <40 Vapor
Phase or
Liquid

TABLE 2-12. COMPARISON OF DESIGN VERIFICATION
PROGRAM WITH THE TOTAL DEVELOP-
MENT PROGRAM, RL10 CATEGORY IV

Total Design Allowance fur

Development  ~  Verification = Redesign and
e rowram  Program | Verification
Equivalent Sets of Fngines 30 - 11 = 19 {637}
Engine Builds and Rebuilds 140 - 84 = 56 (40'.)
Engine Tests 1,000 - 600 = 400 (40°.)
Duration to FFC in Months )] -~ 69 = 11 (147
Totnl Cost, § Million 66 = 80 - TEIN)
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2.5 ADVAHNCED EXPANDER ENGIME

Thrust : 15,000 Ib
Chamber Pressure : 1505 psia
Area Ratio : 640
I : 482.0 sec at 6.0 MR
Operation : Full Thrust
(Low NPSH)

: Maneuve: Thrust
(Saturated Propeliants)

Conditioning : Tank Head Idle

Weiqht 1391 1b

Life (Design TBO)  : 300 Firings/10 hr
* DDTAE Cost : 243 Million

FO 741240

2.5 ADVAHCED EXPANDER ENGINE

2.5.1 Delinitions and Requiromeants

Like the RL10 Category IV engine, the Advanced Expander engine is a “clean sheet”
design. Unlike the Category IV engine, it is an advanced-technology engine, incarporating
improved pump and turbine designs and a hyvdrogen regenerator. Basically, it is a 1950
state-olt-the-art™ design optimized specifically for use in the man-rated OTV. The baseline
Advanced Expander engine has the following requirements:

1. Interface requirements: not vet defined.
2, Operating modes: Same ax RETO Derivative 1B, h.e.,

® Tank head idle mode
® Mancuver thrust
® Low NPSH pumping capability at full thrust

3. Design life: 300 firings and 10 hr
1. Thrust level: 15,000 1h at 6.0 mixture ratio
5. Performance: optimize.

2.5.2 Description

The general arrangement of the Advanced Expander engine is shown in the installation

drawings on Figure 2-31,
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64.0 dia

fs————— 60.00 « = 640

FO 720420

Figure 2-31. Advanced Expander Engine Installation Drawing

The principal components of the Advanced Expander cvcle engine are shown in
Figure 2-32, As on the current RL10, a two-stage fuel pump is used with a two-stage turbine.
The fuel impellers are fully shrouded to abtain high efficiency. ‘The single-stage oxidizer pump
is driven by a single-stagre turbine used in series with the fucl turbine. This was done so that
the gears could be retained but the power transmitted through them could be reduced. leaving
their stresses lower than in the RLI0A-3.30 By gearing the pumps and induceis together,
control problems during transient operation are avoided.

The combination of nickel alloy turbines and the expander pawer cvele give turbine life
margin. T'o meet the thrust chamber hife requirements, a milled channel chamber has been
selected. 'The control system is also basically the same as that of the Derivative Il engines,
except the thrust control has been eliminated and the main fuel control valve comhines the
functions of the turhine bypass, and fuel vent valves. The GO, heat exchanger desipgn is similar
to that used on the Derivative 1 engines. The igniter system is of an updated lightweight
design.

Chamber pressure for the advinced expander cyele is 1500 psia, which is 600 psi higher
than the RE10 Category IV engine. This increase in chamber pressure is obtained by utilizing
IS0 state-of-the-art™ tarbomachinery design (e, fuel pump speeds - 1000 rpm), and
adding a bydragen regenerator to increase turbine power. The hydrogen regenerator is inserted
downstream of the tuel pump to increase the turbine inlet temperature by recovering heat
downstream o the turbines and using it to preheat the fuel prior to cooling the thrust chamber
and nozzie. The regenerator also allows a parallel chamber/nozzle coolant low configuration to
be used winch, while providing adeqguate conling, does not have the large pressure losses
encountered in the numilolding of a counter flow configuration. The milled channel thrust
chamber his been designed and the tubular primary nozzle contoured to optimize the heat
transter characternistios anticipated by the engine at the high chamber pressure. A radi-
atinn-cooled, composite material, extendible nozzte is used instead of a dump-cooled nozzle 1o
provide a hghter, very simple system. Carbon-carbon, the composite material used, is a 1950
technology maternd currently used in high temperature apphications because of its strength,
light weight and tavorabic high temperature characteristics.
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Figure 2-32.  Advenced Expander Engine Propellant Flow Schematic

A simple, reliable open-

loop control system is utilized for the Advanced Expander engine.

The valves operate in an open-loop mode for a passive control configuration, offering an
advantage in both cost and reliability over an active control configuration. The engine operates

with 3 bypass margin at
indicates this provides adeqg
operating characteristics,

the design point based on RL10 production cngine data that
uate margin for statistical deviations from nominal component

The dry weight of the engine and its subassemblies are summarized in Table 2-13. Of the
total engine weight of 391 th, 74, is calculated and 26°. is estimated.

TABLE 2-13. ADVANCED EXPANDER EN-

GINE WEIGHT

Turbopumps and Gearbox 91 Ib
Thrust Chamber and Primary Nozzle 9% b
Extendible Nozzle Actuation System 35 1b
Extendible Nozzle 16 1b
Regenerator 26 th
GO, Heat Exchanger 13 1b
Controls, V. lves and Actuators 68 Ib
Plumbing and Miscellaneous Hardware 39 Ib
Ignition System 7

391 1b

2.5.3 Operation and Performance Characteristics

2.5.3.1 Operalion

The operation of this ¢
With the start solenoid and

nyine is basically the same as that of the Dernvative HA engine.
bypass solenotd No. 1 energized, thermal conditioning in tank
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head idle mode is carried out with the engine operating as a pressure-fed svstein without
turbopumps rotating. By de-energizing bypass solenoid No. 1 and energizing the other two
solenoids, the main fuel shutoff valve is opened and the turbine bypass in the main tuel
control valve is first closed, diverting ull the fuel through the turbijes, and subsequently, as
turhine inlet pressure huilds up, reopencd to allow the engine to stabilize at maneuver thrust
level. De-energizing hypass solenoid No. 2 closes this bypass to a preset area accelerating the
engine 1o full thrust. Gperation of the engine at full thrust and 6.0 mixture ratio is shown in
Figure 2-33.

2.5.3.2 Engine Characteristics

The steady-state performance characteristics of the baseline Advanced Expander engine
are summarized in Table 2.14.

TABLE 214 STEADY-STATE  PERFORMAMNCE  CHARACTER-
ISTICS OF THE ADVANCED ENXPANDER ENGINE

Tank Head Idle _Maneurer Thrust  Full Thruw )

oo Wperating Mode

Thrust, |h 1] 1.500 15,000
Mixture Ratia 4.0 6.0 6.0
Chamber Pressure, psia T8 150 1508
Specific Impulse, see 455 4076 4820
Fuel Turbopump 0 550 114825
Speed, rpm
Fuel/Oxidizer Pump Inlet Supetheated 0.0 NPSH 2 {10
Condition Limis Phase or
Liguid

254 Programmatics
2.54.1 Engine Development

The total development program for the Advanced Expander engine requires 84 monti < of
dexign. tabrication and test effort. This effort will encompass three design-huild:test evaies to
FFC. Figare 2:34 shows the total development program schedule and presents the miajor
program milestones and kev decision poings.

Engine development is planned to be accomplished in the same manner as previously
desershed for the Derivative I engines. Although desizn veritication specifications (DVS')
were not tormulated for the Advanced Fapander engine design during this ady, an estimate
of verificatton program requirements was made by comparing the Advanced Expander engine
design with the Derivative HA eagine design and deriving the design veritication program tor
the Advanced Expander engine trom that ot the Derivative HA engine,

This derived desicn verification program is compared with the total develapment pro-
gram mn Fable 2-10,

2.5.4.2 Production and Operational Programs

Production and Operational Progrian costs are given in Volume HE of this report.
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TABLE 215, COMPARISON OF
PROGRAM  WITH
MERT PROGRAM,

Pratt & Whitney Airerait Group

DESIGN  VERIFICATION

THE

TOTAL

DEVELQP-

ADVANCED EXPANDER

IENGINE
Testal Design Allouance for
bicvelopmen:  —  Verification = Redesign and
Progrem Pr_z_J;:Lqm Verification
Equivalent Sets of Engines 1 - 15 - 25 (637,)
Engine Builds and Rehuilds 180 - 108 = T2 407)
Engine Tests 1,250 - 750 - 50D (407,)
Duration to FFC in Munths 89 7 - 12 oadny

FR-13186%8
Volume 11
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SECTION 3

. ENGINE PARAMETRIC DATA

3.0 GENERAL

Parametric data for the engines investigated during this study, over various ranges of
operating parameters, are presented in this section. The RLI10 Derivative engines, defined in
1973, were reviewed and updated. The performance levels were updated to reflect improve-
ments in JANNAF prediction techniques. These results were then adjusted to correlate with
high-area-ratio nozzle performance test data generated with the RL10 and ASE engines since
the study was published. Also generated were parametric engine data (performance, weight,
envelope and cost) based on study ground rules (e.g.. 1980 statc-of-the-art, performance
optimized, man-rated reliability) for advanced-expander and staged-combuxtion cycle engines.
Preliminary cycle studies were conducted which defined ground rules, and a viable engine
configuration was selected for each basic cycle. The parametric data was then generated using
these basic configurations as starting points. In addition, an analysis was conducted to
determine the effect of variations in pump inlet net positive suction head (NPSH) on engine
weight and inlet line interface.

3.1 RL10 DERIVATIVE ENGINE PARAMETRIC DATA

Four baseline engines were defined under this and previous contracts. One of them is a
new design (RL10 Category 1V) and the other three are derivatives of the existing RL10 engine
(RL.10 Derivatives TIA, 1B and 1IC). All of the baseline engines have been designed according
to fixed requirements. Since these requirements are not optimum for all vehicle applications, a
parametric analysis was conducted. Table 3-1 summarizes the independent and dependent
parameters which were perturbated in this analysis,

TABLE 3-1.  PARAMETRIC STUDY VARIABLES

Baseline Engine Dependent Variable Constant

RL10 Derivatives
1IA, 11B and 1IC

RL10 Category IV

Installed Length
(70 to 55 in.)

Mixture Ratio
(4517

Installed Length
With RL10 Derivative 11A
Interfaces (50 to 70 in.)

Mixture Ratio
4.5t 7)

Specific Impulse
Engine Weight
Engine Geometry

Specific Impulse
Engine Weight
Engine Geometry

Specific Impluse
Engine Weight
Engine Geometry
Chamber Fressure

Specific Timpulse
Engine Weight
Engine Geometey

Chamber Pressure

Thrust (15,000 1b)
Mixture Ratio (6.0)

Chamber Pressure
(400 paia)

Thrust (15,000 Ib)
Installed Length
(55 and 70 in.)

Chancber Pressure
(400 psia)

Thrust (15,000 and
20,000 1b)

Mirture Ratio (F.0)

Life (10 hr/300 tirings)

Thrust (15,000 1b}
Instalied Length (57 i)
Life (10 he, 300 firings)
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Each parametric engine design was optimized to five maximum nozzle performance for a
given length (minimum length contour). Two-dimensional equilibrium analyvses were used to
parametrically define minimum length nozzle conieurs, Performance was calculated using
JANNAF methodology and adjusted for demor. trated high expansion ratio nozzle per-
formance.

The nozzles were of the two-position variety in which the primary (fixed) portion of the
nozzle was regencratively cooled and the seeondary (translating) portion of the nozzle was
radiation cooled. The propellant injector was considered to be optimized for each design point
condition for the Derivatives 1A, 1B and Category IV engines, and was assumed to give an
energy release efficiency of (0.9970 and a striation loss of less than 0.1 sec of impulse. The
propellant injector was not changed from the current RL10A-3-1 design tor .ue Derivative 1O
engine.

Engine weight was generated using the turhopump. nozzle actuator, heat exchanger,
control, plambing and miscellaneous weights from the 15,000 I thrust haseline engine desiin
The remaining engine weight, ie., chamber/nozzle weight, was estimated using a fixeld
weight/ft" of nozzle surface area of 0.37. 2.46 and 6.0 for radiation-cooled, regeneratively conled
tubular and regeneratively cooled nontubular sections, respectively,

3.2 DERIVATIVE Il ENGINE PARAMETRIC DATA
‘The following ground rules were used in the parametric study of Derivative [} engines:

L Constant design thrust of 15,000 b
2. Constant chamber pressure of 400 psia for design point analvsis

3. Engine mixture ratio 4.5 = O/F --7.0
4. Retracted engine length varied hetween 55 and 70 in.
5. Primary nozzle exit dimmeter = 40 in.

3.2.1 Retracted Engine Length Effects

The available range of retracted engine lengths for the Derivative H engine is limited on
the low end by engine powerhead diameter and un the high end by the 70-in. length constraint
inherent in the engine definition. The minimun retracted engine length is eanentially made up
of gimbal length, combustion chamber fength, and primary nozzle length, The turhopumps are
packaged around the combustion chamber and do not add to the overall length,

Since the gimbal and combustion chamber lengths remain essentially constant, engine
length is primarily a function of primary nozzle area ratio: and since emune throust, chamber
pressure and nozzle contour are almost constant, minimum engine length is primarily g
function of primary nozzle exit diameter, Fhe smaller the exit diameter. the shorter the engine
tength. The primary nozzle exit diameter nust be slightly larger than the engine powerhead
diameter. however, 10 atlow the secondary nozzle (o fully 1anslate.

The short © allowable Dorivative 1 engine has a retracted length of 55 in. The enging
was configered with a secondary vozzle length cqual 1o the tength of the primary engine. An
“equal length™ engrine shorter than this would require the prisnary nossde dinmeter to be le-s
than 10 in, violating ground rale 5" given above, The $0-in. minimum disimeter constraint is
determined by the Dierivative H emgine powerhead diameter of 300 .

For engines longer than 35 in, the best performance s obtained by “equal length”
conligurations which require the primary nozele exit diameter to he preater than 40 an. For
example, a T0-in. engine, with total engine length (secondary nozzle extended) of 140 in.. would
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have a primary exit diameter of approximately 57.5 in. Testing of such an engine would require
a modification to the GPD test facilitics, however, since the E-6 stand will currently accept
nozzle diameters only slightly greater than 40 in. and the E-7 stand will accept nozzle
diameters up to approximately 47.5 in. Figure 3-1 presents design parametric data at a mixture
rat'o of 6.0 for retracted length variations between 55 and 70 in. with the primary nozzle exit

diameter held at 40 in. throughout to allow testing on GPD stands.
3.2.2 Engine Mixture Ratio Effecta

Design parametric performance data were generated over the range of mixture ratios for
engines designed at the minimum and maximum allowable retracted engine lengths. The
engine designs presented are capable of providing an additional off-design mixture ratio
excursion of plus or minus one-half mixture ratio unit. Figures 3-2 and 3-3 present parametric
design point data over mixture ratio range of 4.5 to 7.0, respectively, for 55 and 70 in. retracted
length engines.

Off-design specific impulse vs mixture ratio characteristics for 55 in. retracted length
Derivative II engines (Figure 3-4) are provided for relerence purposes.

3.3 CATEGORY IV

The ground rules used in the generation of the Category IV parametric data are as
follows:

1.  Optimum chamber pressure for each design point

9. Optimum chamber length for each design point; however, chamber length
should not be shorter than 12 in. to ensure good combustion performance,
nor greater than 30 in.

3. svaluate thrust levels of 15,000 and 20,000 1b
4. Ingine mixture ratio 4.5 <O/F <7.0

5. Retracted engine length between 70 in. (RLIDA-3-3 length) and the
minimum set by the powerhead diameter

6.  Engines interchangeable with RL10 Derivative 1A; powerhead diameter
limits the primary nozzle exit diameter to a level greater than 37 in.

Regenerative nozzle parameters which affect eagine power level (AP and AT) were
estimates relative to the baseline design point and were uxed to determine the optimum
chamber pressure and chamber length for each design evaluated. The optimization technique
was the same as that used o optimize the Category IV baseline design as described in Section
2.8, Volume [1 of Final Report FRR-6011, “Desiyn Study of RLI0 Derivatives.””

3.3.1 Engine Length Effects

T'he shortest permissible engine design had a retracted length of H0.5 in. and 50.0 in. for
respective thrust levels of 15000 and 20,000 b, "These engines had chamber lengths of 12 i
Any engine design shorter than this would require either a chamber length shorter than 12 in,
or a primary nozzle exit diameter less than 37 in., violating cither ground rule 27 or <67
Figure 3-5 presents design parametric data at a mixtire ratio of 6.0 for retracted length
variations between 50 and 70 in. for thrust fevels of 15,000 and 20,000 1b.
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Total Engine Dry

Overall Engine

Expansion

390

Weight - 1b

380
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Diameter-in,
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r
8
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)

3
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/’——_\
\
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=40 in, ~
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Extends 8.0 in. Above the Gimbal Plane at Three
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Engine 1as a Radiation-Cooled Two-Position Nozzle
Attached at a Diameter of 40 in,
Thrust = 15,000 Ib
For Derivative HHA Engine Weight, Add 39 Ib; Denvative HC,
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Inlet Mixture Ratio
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Figure 3-2. Effect of Mixture Rativ on RL10 Derivative Il Engine Design Point
Performance (Retracted Length = 55 in.)
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Point Performance
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Figure 3-5. Effect of Retracted Length on RLIO Category IV Engine Design
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3.3.2 Mixture Retio Eftects

Fizure 3-6 represents parametric performance data over an engine mixture range of 4.5 tn
7.0 for a 15,000 b thrust Category IV engine having a retracted length of 57 in. Figure 3-7
gives off-design specitic impulse characteristics for a 57 in. retracted length engine which has a
design point mixture ratio of 6.0.

3.4 ADVANCED ENGINE FATAMETFRIC DATA

Parametric Fugine Data operformance, weight, envelope and cost) were generated at 10K,
26k and H0K Ib thrust Jevels for retracted engine lengths of 55, GU, and 65 in. for advanced
expander and staged-combustion cvele engines, These engine designs were consistent with the

OT\ engine requirements (as expressed in the contract Statement of Work) listed below:
OTV Engine Requirements

1. The engine will operate on liquid hydrogen and liquid oxvgen propellants.

o

Engine destgn and materials technology are to be based an 1980 State of
the Art.

1 The engine must be capable of accommodating programmed and/or
commanded variations in mixture ratio over an operating range of 6:1 to
=1 during a given mission. The effects on engine operation and lifetime
must he predictable over the operating mixture ratio rame.

4. The propellant inlet temperatures <hall he 162.7°R for the oxyvien hoost
pump and 17.8°R for the hydrogen hoost puinp. The boost pump inlet
NEPsSH at tull thrust ~hatl bhe 2 1t tor the oxypen pump and 15 ft for the
hydrogen pump.

5 The service-free lite of the engine cannot be less than 60 start/shutdown
eveles or 2 hr accumulated run time, and the service life between
overhauls cannot be less than 300 start/shutdown eveles or 10 hr oace
cumulated run time, The engine shall have provisions tor cach of avcess,
minimum maintenance, and econamical overhaul.

6. ‘The engine, when aperating within the nominal prescribed range of
thrust, mixture fratio, and propeliant inlet conditions, shall not incur
during it~ service lue, chamber pressure oscillation, disturbances, or
random spikes greater than +a'c of the mean steady-state chamber
pressure.

The et noze b is to hea contoured bell with an extendible/retractable

seetion,

# Engine gimbal requirements are 4 15 deg and 6 deg in the pitch plane
and + B deg in the vaw plane.

9. The engine is ta pro ide gaseous hyvdrogen and owvgen autogenous
pressurization for the propellant tanks.

10, The enyne = tn be monerated
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Design Point Data

Each pararetric engine design was optinized to give maximum nossle performance for a

kiven length. Performance predictions were muade using JANNAF methodology adjusted for
RL10 and ASE high area ratio test data.

The nozzles are all two-position conbipurations with the primary noszle regeneratively

cooled and the secandary nozzle {exte: table section) radiation conled. "The propellant injector
was considered to be optimized for cach design point condition, and was assumed to EIve an
encrgy release efficiency of 0.997 and a striation loss of less than 0.1 se¢ ot impulse.

)

Ground rulex for hoth engine cveles are presented in Table 3.0 Conservative levels

relative 1o 1980 State of the Art were used used for most parameters to provide parametric
results that would be representative of those that could be reatistically achieved in an engine
development program.

TABLE 3-2. PARAMETRIC STUDY GROUND RULES FOR OTV ENGINE
DESIGN POINTS

Advanced Eapander Ntaged Combustion

o o e i Engine B !,’m‘uu'”‘ B

Fuel Pump Suction Specific Speed [RALT] IRELTY)

Fuel Pump Speed rpm I RRCLH 110t

Fuel Pump Tip Spred (Maximum) ft sec 2.0 22000

dlldiltr Pump Suction S;v;-rlﬁa' Speed RITTT RIXLLE

Oxidizer Pump Specitic Speed [RRG 1429

Turbine Bypass Flow — R 0

Turhine Configuration Ne ries Paral’et

Turhine Inl+t Temperature - °R R}

Minimum Turbine Blade Heght in. " "3

Minimum Turbine Vane Angle deg 150 i

Fuel lLeakage Flow LTENTY W o

Fuel Inlet NPRH i 1 1

Oxrdizer Inlet NI'sH 1 N
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Staged-combustion cyele chamber pressure is constant as a function of e tracted length,
because the increased heat transter and pressure loss has no significant effect on available
turbine puwer. Higher chamber pressure results from increasing thrust for both eycles, because
of the improved component efficiencies attainable with the higher flowrates. Turbine power
(and therefore chamber pressure) increases for the expander cyvele as thrust is increased, since
the effect of the improved component efficiencies 1s greater than the effect of the reduced
turhine inlet temperature. For the staged combustion cvele, the chamber pressure levels are
limited by the pump tip speed limit (which limits pump discharge pressure for a given speed)
rather than component efficiencies.

A pavload capability optimization study for the advanced expander cvcle engine showed
maximum performance at the maximum extended length f(or the three specified engine
retracted lengths as indicated in Figure 3-10. A similar study for the staged-combustion engine
showed that, because of its higher chamber pressure levels and shorter combustion chamber,
area ratios are already so high that increases in engine length only provide a slight increase in
specific impulse, which is more than compensated for by the incroase in engine weights,
Therefore. maximum performance was achieved at less than the maximum extended length tor
the 60 and 65 in. retracted lengths as shown in Figure 3-11.

Figures 3-12 through 3-14 present the advanced expander cycle desien point (O/F = 6:1)
parametric performance as a function of engine retracted length and thrust level. Figures 3-15
through 3-17 present the same information for the staged-combustion cvcle.

3.4.2 Minimum NPSH Eftects

The effect of minimum net positive suction head (NPSHY on engine inlet diameter and
engine weight was defined tor thrust levels of 10K, 20K, and 30K at a mixture ratio of 6.0:1,
Figure 3-18 presents the effect of oxidizer NPSH variation over a range of 0 to 16 ft on
oxidizer low-pressure pump inlet diameter and engine weight. Figure 3-19 presents equivalent
information for the fuel side for an NPSH range of 0 to 60 ft. Fuel NPSH has i minor effect
on both inlet line diameter and engine weight. However, the oxidizer NPSH effect becomes
significant as NPSH approaches zero. Therefore, it may be more pavioad effective to provide
oxidizer tank pressurization capability than to design the eagine low-pressure oxidizer pump
for NPSH levels of -2 1t.

3.4.3 Off-Design Paremeiric Data

Off-design parametrie data has been generated for both the advanced expander and the
staged-combustion engine eveles, Of-design pertormance and critical engine evele parameters
were defined for an inlet mixture ratio excursion of 8.0 to 7.0 for optimized 60-in. retracted
length engines at thrust levels of TOK, 20K, and 30K 1h, Advanced expander engine ott-desizn
characteristies are shown in Figures 320 to 3-220 while Figurex 3:2% (o 325 depict the
staged-combustion envine oif desizn characteristics.

Dharing ott-desizn operation, chamber pressure s held constant with mixture ratio
Engine o1l desvon pertoenance characteristios are defined using JANNAEF method dogy and
correlations based an RETO and ASE test datas Otr-desipn engine ovdle parameter charactes-
isties for the optimized 35 and 65 in. retracted Tength encines are not detined, because the
internal engine parameters do not change apprecabiv, However, encine pertormance s
atfected by engme levath, and <o, oft-desipn pertformance i~ detined tor all three retracted
lengths Lor the two engine eveles and s shown in Fipores 3026 and 527,
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3.4.4 Pearamatric Cost Data

Parametric rough order-of-magnitude tROM) cost data were developed for the advanced
expander and staged-combustion evele engines. The advanced expander evele estimates were
gencrated by applving a factor for a greater “degree-of-difficulty™ to the estimates for the
RLI10 derivative engines whose costs were estimated in 1973 based upon definition of a
relatively detailed programatic analvsis (see Section 7 of this report), augmented by RL10O
program historical data. The staged-combusction cvele estimates were essentially an update of
those for the 20000 th thrust, staged-combustion engine uefined hy Pratt & Whitnev Aircratt
in 1973, (see PAWWA Report FR-5654, Advanced Space Engine Preliminary Design), which had
been estimated based upon a fairly detailed programatic analvas, sugmented by experience
represented by costs incurred in the PAWA XLR-129 staged-combustion demonstration
engine program.

Figures 3-28 through 3:30 present estimated DDT&E, production, and vperations pro-
gram costs {excluding propellant costs) as a function of engine thrust tor the advanced
expander and staged-combustion evele engines. These curves represent a “hest estimate” of
the realistic costs of these progrioms Gie., not “suceess-dependent ™ nar g osshy intlated to cover
paralle] development etlorts in muny areas). The tigures indicate that engine thrust level has a
minimal effect on engine program costs and that o relatively small difference exists in
production costs between the twoe eveles. Operations costs are shown to be escentiatly the same
for the two oveles as they have tae same time between overhauls. However, there is a
substantial difterence i the DDTEE costs of the two ovdes, This ditterence, based on our
analvsis, is due to the considerably greater complesity of the ~staged-combustion cvele,
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This increased cimplexity results in a larger number of companent, subsvstem, and
engine tests as well as an increased amount of engineering desygn labor and development
hardware required 1o develop the highly reliable, operationally flexible and lonyg life enging
required by the OTV This development cost difterence was detined 1n our 19731 design ~studics
and nothing that has occurred since has indicated that the complexty of a small
staged-combustion emaing 1~ any lower or that development is less ditficult than was indicated
at that time.
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SECTION 4

ADVANCED-EXPANDER ENGINE OPTIMIZATION

4.0 GENERAL

A prepoint design study was performed to optimize thrust chamber geometry and cooling,
engine ovele vartattons, and controls tor an advanced-expande  engine Performance was
aptimized tor advanced - expander vogmes with throst fevels of 10, 15 and 20K b at a mixture
ratio ot 61 and an engnne retracted length of 600, The preliminary evele studies completed
previousiv provided the starting pomnt for the optimization. The haseline expander cvele
con higuration was used 1o optimize the combustion ('h;unlwr,prmmry noszle contiguration
teha aber lemgth, comtraction ratio, coolant passage dimensions, etet. In addition, other studies
were conducted to detime component variations that might provide performance improve.
ments. The results were evaluated conadering pertornmunce - weight trade tactors, life require-
ments, impact of control requirements, ete. A prelimmary point design engine evele was
determined tor each ot the three thrust Jevels and was used to generate power balance points
using a bypass fow margin based on RL1TO experience,

4.1 COMPONEHNT OPTIMIZATION

The baseline advanced expander evele engine contiguration (hown in Figure 410 was
detined in pretiminaey ovele studies prior to generating the parametric data in Task 2 of this
study, Some of the enguwe contiguration selections (such as the peared drive svstem of the
engine boost purapsr were extensnely evaluited moearlier rocket engine studies and due to
relatively minor effects on engine pertormance, these twem: were not considored. "Fhe baseline
envine canhiguration provided the <starting pomnt tor the optimization, and the effects of fuel
pump contizuration, turbine contgiuration, regenerator ettectiveness and coolant flow routing
were evaliated refative to this contiguration. Oxidizer svstem component variations were not
evaluate 4 due to therr small ettect on engine pertormance. Table $1 presents a summary of
the resalts of the evdde optimtzatum; the evele siartions evaluated are discussed separately in
the tollowing paragraphs

bt
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TABLE 4.1 ADVANCED EXPANDER ENGINE COMPONENT OPTIMIZATION

Compicuratoon

Jroet Hinvetos
2 oNtuge to U Stage Fuel
Pump (10K thrusty

s

Lt

Feloot - _Comments

RO Nt anorrpor ited fecvise peerlbaemance
ERTRL Y mcnase does not st b added oot and
T complevin

Pavlond cmlth

IR R LTRNE IYR RRRY T T JY0 b LTI Nt onorprerated hecaosse perfornmuone
Pump Npeed tlahy thirasts fapr ST e 10t vees e ot sttty adele b et e
W HIA LY Gremplety

Pastoad AT (N

[T T} Howvrerator 18 R RIS Fiteetvonmes st be Sinted 10 keep
Filtee tiveness 1R 1 rgsta fope B NI chanee ot toeperaare b
Wr EERE{N COCS TG meet ahgdn N teaees
Poasbad s et
Neros Dourhones 1o Baeg’st 118 KT Nt cnworpeetated bee e b Sty
Turbenes 010 theaan ST e bt prertoetiance aned o n vsed o
W o gontent cemplex
IPavtond 1
Poaraliel 1o 70ister |\ (100 et Nt cecneporoted bece se ot loswer e
Chamher Condant Flow {ap [ERENT fors e
Routiog 117K bt W S
s oo e 1h

4.1.1 Fuel Pump Contiguration

a

The elfects of increasmg tael pump speed trom FE0000 to 130000 rpme and adding
stage o the hasehne two st pump were cvaluated at the 100 thrat devels sinee the greatest
performance ellect coutd be reabized theres Frgure 32 shows the eftects onattamable chamber
pressure of tuel pump speed tor both 20 and 3 stage poops. The ~ 100 par chamber pressure

change reahized trom the speed increase ool increases speettie mpulse be o7 see, and the Tio

pai chamber pressure cam trom: the additional pump stige 1= oniv worth 08 wee i unpulse,

Thewe gains iy ~peobic impuise are stall becanse the Loselime emine duanber pressure i
already - 1300 paia,

Figure § 3 <hows the imprlae change resulting fram o 100 psi dumge i chamber pressure
as a tunction of hase chanber pressure, Fhe dota indicates that the pertormance g tor a
given chamber pressure turease drops stoteant v as base ehimber pressvre s inereased. The
Hestage tued pup Was not Imurilur.md mte the baschne engime vont'anration because the
small performance perease il not et vs wreater cost and complenity and beeause of vhe

possibility of critiead speed problems resattoe wih the Tonger regaered poasp shatt The sane

reasoning apphes to the spoed merease the sl performance imerease does not sty the rise
ol resulting prol e seals Shate dienarer, gearigs, eten

4.1.2 Turbine Confiquration

Sern - and paratlel tarbine contrarations were evaltemed, Faoie < 8 b and £0 compuare
the chamber pressure attanable with cach contizuration oo tan torcof tael puimp decharg
pressure for (00 10 and 20 thyust fevels Phere o ess than o 100 pse chambes poessare
difference betsween the cantirarations at ol proap discharge pressure and thrast tevelsand the
series contpnration: peahs at a <hphthe besher chamber pres<are, The sertes cantizuration was
celocted tor the hasclie cnzime becanas o vopnres a less complex tiow control thom the
parallel confizuration, and provides essentiathe cqual porformance,
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4.1.3 Coolant Flow Routing

Parallel and counterflow chamber/nozzle coolant flow routing schemes were evaluated
(see Figure 4.6). Split flow cooling was not eviluated because it provides no performance
advantage for a syvstem with geared engine-mounted boost pumps, and requires a positive
control to provide the desired tlow split at all operating conditions. Parallel flow cooling is not
normally used for a regencratively cooled chamber/nozzle hecause the high heat-flux levels in
the chamber would cause significant densitv changes ¢ 2% 10 1) in the hyvdrogen coolant
introduced at pump discharge conditions. This could result in insufficient cooling during
off-design engine operation increasing the risk of coolant channel burnout. A regenerator, as
usted in the baseline advanced expander evele engine, heats the hvdrogen prio- to routing to
the thrust chamber coolant channels limiting density changes to less than 2 10 1 in the
channels, This allows the use of either parallel or counterflow cooling. Figure 4-7 presents a
comparison of parallel and countertlow contiguration results. A chamber length limit of 15 in,
was determined for the parallel contiguration based on cooling limuts at the throat, An 18-in.
countertlow contiguration was then evaluated to determine if any advantage could be achieved.
Coolant temperature rise charactenistics are ahout the same for both configurations. Pressure
losses are much higher tor the countertlow contiguration due to greater manitolding losses. For
the parallel configuration, coolant Mach number is reduced downstream ot the throat due to
the nozzle expansion. In the counterflow contiguration. the coolant exit manifold is #t the
injector where relatively high Mach number levels are required to provide adequate cooling,
resulting in excessive pressure losses. The paratlel cooling configuration was therefore selected.

4.1.4 Regenerator Effectiveness

The effect of regencerator etfectiveness on engine performance was evaluated. Figure 4-8
shows pavload, weight, and specitic impulse characteristies as functions of regenerator effec-
tiveness, Engine performance is improved as effectiveness is increased. However, as effective-
ness is increased, the combustion chamber coolant inlet temperature is also increased. As the
cootant temperature is inereased, a limit is reached where the combustor hot-sidewall tem-
perature can no longer be maintained at levels that meet engine lite requirements. The limits
on regenerator effectiveness to maintain engine lile were determined to be 36, 43, and 48.5¢,
for the 10, 15, and 201 thrust levels, respectively, with a chamber length of 13 ing and chamber
contraction ratio of 4.

FROM REGENERATOR TURBINF

[

FROM
REGESNVRATOR  ——o -

TO TURBINE -

PARALLEL FLOW COUNTER FIOW

Figure 16 Parallel and Counterflon: ChamberiNozz e Coalant Flow Routing
Sclyemres
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4.2 COMBUSTION CHAMBER/PRIMARY NOZZLE OPTIMIZATION

Chamber length and chamber contraction ratio effects on engine performance and life
were eviluated at steady-state conditions. Vhrust chamber coolant temperature rise, coolant
pressure loss, and wall temperature charicteristics were predicted. The results were used to
update engine cvele performance predictions and assess chiamner evele life, The optimization
was completed at a thrust level of 15K 1b, and the results were extrapalated 1o the 10 and
20K th thrust levels. A chamber lcugth of 15 in. and a chamber contraction ratio of 4 were
selected as optimum for the advarced expander cvele engine.

4.2.1 Chamber Length and Contraction Ratio

Chamber lenpth etiects on coolant temperature rise and pressure boss were evalnated over
a range of 9 to 24 in. ot a4 contraction ratio of 4 and & thrust level of 13K b, The maximum
chamber lepzth that satisfied ground rule requirements were determined to be 15 1.

Coiraction ratio effects were then evaluated at chamber lengths of 9. 12, and 15 in,
Figure 49 shows the eftects of chamber leigth and chamber contraction ratio on coalant
temperature rice, pressure bss,and chamber pressure. Figare 4-10 shows the effects on specitic
impulse, weight, and pavioad. The 15-in. chamber length with o contraction ratio 4 conligurd-
tion showed the best verformance. Thrust peints of 10 and 20K were then evaluated with the
I5-in. chamber length and contraction ratio 3 configuration, and this confipunition was
identified as near optimum. Prehiminary design points were generated for all three Uhrust
levels with the 15374 configuration. Detailed thermal maps (sce Figure 4111 were penerated at
eritical Tocations to provide the necessary information tor the lite analvsis,

4.2.2 Cycle Life

The cyvelic lite-limiting engine component is the nontubular portion of the chamber
assembly. Large thermal gradients are gencrated in o regencratively cooled thrust chamiber
during operation. These gradients atfect the expected ovelic lite of the chamber walls, s does
the further aggravating condition of high-pressure coolant within the wall passages, Pratt &
Whitney Aircraft has developed a method for analysis of nontububar thrust chambers that
provides a complete evaluation of thermal evele life, in that thermal gradients and the pressure
differential across the hot wall are simultimeously treated. The plastic strains predicted by this
procedure are used with NASA-Lewis strain range/LCF curves to predict evele life, The cvele
life of the nontubular portion of the Advanced Expander Fngine combustion chamber has
been estimated for the 10, 15, and 20K-1b thrust design points, and the lite characteristies
satisty the design requirement level of 1200 eveles Giel, 4 times the 300 enane duty evelesy, as
shown in Figure 412,
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: 4.3 ENGINE OPTIMIZATION

; The results of the evele optimization and chamber/nossle optimization were evaluaied.
] and preliminary point designs were generated for 10-, 15-, and 20K} *hrust levels. These
: point designs meet the engine configuration and life requirements specified in the SOW.
Control requirements were evaluated, and a passive control configuration was selected huased
un the higher cost and lower reliability of a minimum active control configuration, A power
margin requirement of 37, tarbine bypass tlow was established based upon RL10 production
enine data. Engine thermal conditioning:start losses were evaluasted, and a tank head idle
: mode of engine operation wis selected 1o minimize losses curing thermal conditioning and
: start,

4.3.1 Engine Power Margin

B RELTOA-S-3 production engine data was surveved to determine the expected variation in
: chgine-ti-engine pertormance. Eighteen production engines had been run during acceptance
testing wath the necessary measurements 1o determine bypass tlow. Percent bypass fiow is
shown in Figure 413 tor cach of these production engines. T'wo standard deviations (95,
confidence level of hypass flow were determined to be 293¢, Accordingly, turbine bypass

4 flow ttor the advanced expander evele engine) was set at 3 to provide margin tor tatistical
! deviations from nominal component operating characteristies.
: %

» 4.3.2 Control Requirements

Passive control and minimum  active conrol configurations were svaluated for the
advanced expander evele engine. Control svstem simplicity is a primary concern in a .ew
- engine design. Exotic closed-loop controls are highly expensive, relatively unreliable. and
require substantial development testing. The advanced expander cvele engine valve require-
; ments are saimilar to those of the REAO Category IV engine tshown in Figure 4-!14), therefore,
- similar valve configurations were considered in ths study. As many of these valves as possible
will be actuated using internal engine pressures, Vadves actuated by engine-supplied pressures
do not require coordination of external pnewmatic and electrie supplies and tend to normalize
the engine transients,

B S

Alb of the valves operate in an open-loop mode for a passive control configuration. In a
minimum active-control configuration (R1L10 Category IV tvped @ thrast control is added to
tae natin fuel control 1o maintain constant chamher pressure at rated thrust, The thrust
) contral i< o normally closed, servo-aperated. variable-position bypass valve used to control

charaber pressure by the regulation of turbine power (e, the contiol senses chamber pressure
- and varies turhine tlow to maintain a constant pressure).

The eltects of engine inlet pressure voriations on thrust, mixtore ratio, and impulse are
shown in Figure 115 tor 4 passive control contiguration. Less than o 20 change in throst
would he expected dunng a long b due 1o indet pressure decay tassnming no tank
repressurizationt with 4 passive control.

Figure 116 shows otl-design mixture ratio 1hrost characteristios for both control con-
fizurations. Fhe pasave control gives a 107, increase in thest when operated oft-desiyn ot a
misture ratio of 7,oand the minhmum active control conbizuration gives a 2. increase. This
increase wornd onlv ocenr it an active propellimt utilization svstem was required by the OV
Otherwise, it oft design nisture o was required for o specitic mission, the encine cotld he
: trimmed duel control and oxidizer controls adjusted) to provede nomind thrast at the desired
misture ratio, '
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A minimum active control configuration would add approximately 2 1b in weight and 3 to
5 million dellars in enpine development cost, and provide a somewhat lower reliability than a
passive control configuration. Because the difference in performance between the two con-
figurations is negligible for an OTV without a propellant utilization system, and the passive
configuration has an advantage in cost and reliabilitv, a passive control configuration was
selected for the preliminary engine optimization.

4.3.3 Thermal Conditioning/Start Lrsses

Prior to starting an engine using crvogente propellants, the turbopumps must be cooled to
near liquid conditions. Thix can be accomplished using a tank head idle (THD mode of
operation. This is a pressure fed mode of operation with nonrotating turbopumps that can be
used to settle propellants and provide low thrust levels for small AV changes in addition to
conditioning the pumps. Since the 'THI mode can be used for propellant settling, conditioning
losses only oceur during the time required to condition the pumps after the propellants are
settled. Conditioning time is a function of the initial temperature of the terbopumps and
propellant flowrates during conditioning and should be on the order of 1 to 2 min for the
Advanced Expander Engine. Specific impulse levels in THI are greater than 400 sec and are a
strong function of the chamber pressure level (propellant tlowrates). This relatively high
impulse level during thermal conditioning minimizes losses, since the propellant losses are
equivalent to:

Ih) o ‘.'
(10— Pl ) op oy
[Spm«n et t,
where:
t, = time prapellants are settled
t. = time of completed conditioning
w, - propellant flowrate

Propellant flowrates are related to required conditioning time and specific impulse in
such & way to minimize losses whether {lowrates are high or low. v "hen propellant flowrates are
high, specific impulse is high and conditioning times are relatively short. When flowrates are
low, impulse is lower and conditioning times are relatively longer. However with lower tlow
rates, the total propellant quantity used is relatively low as the cooldown becomes mare
efficient. Acceleration transient losses are minimal. lmpulse levels are between the THI and
rated thrust levels and start transient durations should be less than 3 sec.

4.3.4 Preliminary Design Points
The results of the eyele aptimization studies were incorporated in the engine desivn point
definition computer progrion lwetine operating points were then defined for the nominat rated

thrust condition v 10, 15, and © K advanced expander engines. A summatry of these design
points is preseated in Table -2
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TABLE 4-2. PRELIMINARY ADVANCED EXPANDER
ENGINE DESIGN POINT CHARACTERISTICS
. Parameter '
g Thrust, Th 10,000 15.000 20,000
Specitie Inpulse, sec 483.5 4820 3479.6
| Intet Fucl Flow. Ih/sec 297 146 597
¢ Inlet Oxidizer Flow, th/sec 17.81 26.76 35.R3
Chamber Pressure, psia 1345 1.50% 1.580
! Mixture Ratio, Vehicle 6.0 6.0 .0
Oxidizer Low Pressure Pump
Intet Total Prossure, psia 17.0 17.0 17.0
Inlet NPsSH. 2 2 2
Discharge Pressure, paia 7 g R
Speed. rpm ALEK 2,980 2580
Efficiency, 64 [ AR
Specific Speed 1.150 1.060 1.020
Horepower 568 9.1 124
Fuel Low Pressure Pump
Inlet ‘Total Pressure. psia 16.2 16.2 16.2
Inlet NIPSH 1t ih 15 15
Discharge Pressure, psia 39 47 ]
3 Speed. rpm 37600 30,600 26,500
. Efficieney, v T2 76 79
Specific Spred 4.565 1645 RN B H
Horsepower 57 109 173
Main Oxidizer Pump
Inlet “Fotal Pressure, psin Tt ki a0
Inlet Temperature, °R 164 164 164
Dischange Pressure, psin 1,920 60 2265
Spevd, rpm 64,040 6.7 BIRLE]
Eflicieney, ‘- 647 K74 0.1
Specific Speed 1.420 1420 1.415
Horsepower 19 306 415
Main Fuel Pump
Inlet Tutal Pressure, pria RU) [X]
Inlet ‘Temperature, °R Rl ara
Dischirge Pressure, psia A:425 4275
3 Specd, rpm 115,000 A0
Efficney. < ARG [} 67.1
Specilic Speed . 5RA ]3] - 670
- Horsepower 1.045 1.685 RALRAY
) Fuel Turbine
Inlet Total Pressure. psin 2HRES 1,440 RIGE L
Inlet Total Temperature, R Q67 RR{ RIR
Flow, th we KN 4.2 569
Etticieney, e ()] R [
X 3 Heneposner 1.0°0 1660 2240
Percent Admission Ritins 400 ]
Pressure Rato (tofal - static) 1.59 [ L
(vidizer Turbine
Indet Fotad Pressare, psin 1510 1.9130 2040
Inlet Total Temperature, °R 901 Rin |
Flow, thisec Rt 101 R
Efticieney, ' e 6 T
Horsepower 230 BRI 165
Porcent Adnnssion R7 HH o0
Pressure Baotry stotal  staticd 169 1.0 1.10
4
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TABLE 4-2. PRELIMINARY ADVANCED EXPANDER
ENGINE DESIGN POINT CHARACTERISTICS

(CONTINUED)
Thrust Chamber
Chamber Pressure, psia 1,345 1.6505 1.580
Mixture Ratin, chamber 6.20 6.14 6.10
Fuel Injector AP, psid 125 140 1o
Oxidizer Injector AP, psid 200 225 234
Chambes Throat Diameter, in. 218 2.53 185
'; Primary Nozzle Expension Ratio 312 248 TR
; Nozzle Expansion Hatio 778 642 A4
o Nozzle Exit Diameter (ID}, in. 60.8 64.1 6.5
]
: Regenerator
Effectiveness, i 6 43 4R.5
Cold Side Pressure Loss, psid 5 5 5
Hot Side Pressure Laoss, psid 7.3 A1 RA
Cold Side Temperature Rise. °R 260 275 2RS
Hot Side Temperature Drop, °R 290 305 o

Chamber/Nozzle Coolant

Pressure Loss, paid 395 475 510
Temperature Kise, °R 610 510 445
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SECTION 5

LOW-THRUST OPERATION

5.0 GENERAL

RL10 derivative and advanced expander cycle engine characteristics at low thrust were
examined to determine the effects of extended low-thrust operation. The impacts on critical
components and engine life were defined, and performance characteristics were generated. No
modifications to the engines were required to enable extended operation at low thrust levels.

Kitting of critical engine components for the advanced expander cycle engine was
investigated to define possible improvements in engine performance, life, and reliability for
low-thrust operation. It appears that performance, weight, and/or reliability gains are
achievable with a kitted version of the baseline advanced expander cycle engine specifically
configured for low-thrust missions. The available gain and cost of kitting are provided.

5.1 RL10 DERIVATIVE ENGINES

The low thrust operational characteristics of the RL10 derivative engines were reviewed to
determine the impact of extended operation at low thrust levels (750 to 3750 1h). “Extended
operation’ was defined as the time required to expend the propellants of a fullv tanked orbital
transfer vehicle (OTV) stage at the low thrust propellant flowrates. Therefore, stage hurn time
ratio is approximately:

Low Thrust Burn Time  Rated Thrust Level l.ow Thrust Specific ITmpulse

Rated Thrust Burn Time =~ Low Thrust Level Rated Thrust Specitic Impulse

For example, with an engine operating at the 107 thrust level, the engine firing duration will be
approximately nine times as long as an equivalent-rated thrust firing duration.

5.1.1 Engine Life Capabilities

No maodifications to the baseline designs of the derivative engines are required to enable
extended operation at low thrust levels. Derivative engine accumulated firing duratinn beyond
the specified life, is limited by turbopump gear and seal wear. The reduced stress requirements
for these elements at low thrust more than compensate for the increase in required duration,
resulting in more missions between engine overhauls than on high thrust missions. Engine
low-cycle fatigue (I.CF) life is also increased at low thrust levels due to the greatly reduced
pressure strains (and, therefore, total strain) in thrust chamber passage walls. Since the
number of engine thermal cycles per mission is expected to be independent of thrust level, the
number of missions betweon engine overhauls would be greater at reduced thrust than at rated
thrust.

5.1.2 Performance and Stability Characteristics

Only relatively minor modifications are required to enable the RL10 Derivative engines
to operate at reduced thrust leveis. These modifications are presented in Table 5.1 as a
function of engine thrust level. A cavitating venturi is required between the fuel pump and the
nozzle coolant inlet if the coolant inlet pressure is less than 188 psia (hvdrogen critical
pressure) to isolate boiling instabilities in the coolant passapes from the fuel pump. A high-loss
oxidizer injector (3p four times bascline engine Ap) injector is required for the Derivative 1l
engines below 257, thrust (3750 1b) to prevent combustion instability. Since the Category 1V
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engine has a high-loss oxidizer injector in its haseline design, no modification of this engine is
necessary tu prevent combustion instability. Low thrust performance characteristics of RL10
derivative engines are shown in Figure 5-1. (This figure supercedes similiar information
presented in the OTV Parametric Data Book, P&WA Report FR-12253 dated ' October 1979.)

Note in Table 5-1 and Figure 5-1 that. in the range from & to 124, of design thrust for the
Derivative HA and 1B engines. there ie an opaion of using s gis injeetion or a high loss injecor.

Based upon hoth enerpy release efficiency and feed cystem stability, gas-gas injection appeses 1o
be more desirable. The speetfic impulse arvantage shown (or gas gas injection in Figuee 501
represents the energy release efficiency advimtage, which is approximately 0.7 at 100, throat,
The greater stability margin predicted tor gasogas nmection i~ losteated in Fizire 5.2, Although
hnt.h configurations are stable in the thrust ringe, the high bes miector is verv near the unstable
region,

TABLE 5.1, MODIFICATIONS TO RE10 DERIVATIVE FNGINES FOR LOWTHRUST

OPERATION
Thrust Level
() Wogeht Chang
Deewcatice HA, B Categary IV (1h o Routred Mortifrcatiins 7
THEL 1200 TN . Cavaiang: ventan addod G0 aeadate the foel PR 1tom
rae ket bothng toctudalitie~, AW enulcrer vaporized in coaseons
saven heat exchanzer pronading s s ingecbnn to preve nt
combustion instdabin and provide increased pertoroninee
over Topnnd pas avection
T2NLAT750 N/A ] Civitating venturs and hivh bes mector added Hazh b
inector requirett te prevent combivestion s abibiny
LLIBE ] N/A 15 It higher pertonmanie s alesired S 120 throst tinze e
Frevre 30 o dedhioated Tow thrst engie can be Kiteed by
adding o ~pecod mseous iaen Bheat escluinger 1o Gipene
all the osadiser
BTSN 10 15000 0n None

5.2 ADVANCED EXPANDER CYCLE ENGINE

The 15K 17 rust point design engine defined during the engine optimization task of this
study  as selected as the baseline engine. A 107, (1500 1h) thrust level was selected s the
low-thrust operating point, which was midway in the low thrust range of interest (1000 (g
2000 1h thrust)./

5.2.1 Bascline Engine

Initial evaluation of low-thrust operation indicated that, with the regencrator Tocation
inttially used. chamber coolant exit temperatures were unaceeptably hish ¢ - 100°R), Fhe
temperaters booblem was resolved by moving the regenerator hot side from the inveciar inbes
to the turbine discharge, as shown in Figure 50 This decrrases the flaid temperatire Lo
acceptable levels beeause of the high turhine bypass flow level at Tow throst Gipproximiately
S0 o available flowy, which reduces the heat transfer capabilitv of the regencrator, 1 his
configuration change has no significant efteet on full-thrust operation hecause of the low
turbine bypass flow level (970 of the hvdrogen stll passes thiough the resenerator hot i,
Turbine inlet temperature characteristios at 107, thrust are shown in Figure 51 as a funeten
of inlet mxture ratio,
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Frane hfe characteristios were evaluated, and no additional modifications are required
to enable extended operation at low thrust levels. Engine-accumulated firing duration s
limited by turbopunp geae and seal wear. The vediced stresses on these elements at low thrust
more thaa compensate for the increase in reguiced daration, resulting in more missions
hetween overhauls than on hiygh-throst mi~ions. Engine low-cvele fatipue (LCF) life is
increased sipniticantly at Jow throst level. Thermal strains are reduced because of lower
hot-wall temperatures tapproximately 2507 R at the same O/F), and the pressure strains are
decreased to an insigniticant feviel Sinee the number of engine thermal cveles per mission are
expected to be refatively independent of thrast level, the number of missions between engine
overhauls would be pgreater at reduced thrust than at rated thrust,

5.2.1.2 Stability

Fuel svstem botlimg in=tabiities and low trequeney combustion instability are sometimes
a voncern in low-thrust otf-destgn engine operation. Fuel system boiling instabilities (pressure
oscillations) occur when rapid liguid-to ga-phase change i initiated due to heat addition at
pressures less than eritical pressure (1558 paia for hydrogent. These pressure oscillati ms,if not
isalated trom the turbopump by some means (usually a cavitating venturil, can cause toel
pump stall, Combuostion instahility (chugging) results when injector pressure loss is too low
AP 0.05) tosolate the injector from the combustion process. With a liquid injector AP/P,
is reduced proportionally as thrist is decreased, requiring a 0.50 AP/P injector pressure foss at
fudl thrust to provide an acceptahble injection pressure loss ¢ -0.05 AP/P)) at 107, thrust.

Oxidizer injector pressure toss is maintained at greater than 0.05 AP/P, at low thrust by
utilizing the GOX heat exchanger to vaporize the oxidizer before injection. This not only
provides adequate injector pressure loss for siahilite, but alse increases specific impulse at the
107, thrust level by approximately 7 sec, due to increased combustion efficiency. Figure 5-5
shows injector AP/, as a function of infet mixture ratio for both propellant injectors,

5.2.1.3 Controls

A passive control cantizuration was selected for fow-thrust operation, During the engice
optimization task. passive and mininnnn active controb configurations were evaluated fo-
full thrust operation, and the passive topen-loop) control configuration was selected on the
basis of simpiicity, Control system simphicity i a primary concern in a new engine design,
beciuse closed-loop controls are more expensive, less reliable, and require substantially mare
testing than open-loop controls.

Transicnts are controlled with an apen-loop svstem by ramping control valves with time
or engine pressur ievels, This tvpe of iransient control has heen used suecessfully hy the
RL10O engine. The expouder coche engine with the turthopumps geared together lends itseht te
this kind of controd hecarso o4 e herent power it

For an opc 1op contrel svstem, control valve areas are set during aceeptance testing In
trimming the engine to the desired thrust and mixture ratio levels at nominal vehicle
propeHam ol conditions, Diiring thihe operation, propellant inlet conditions can vary troo
nominal levels tesalting o miviure ravie, throst, and speatic impalse variations, |

sure s
shows the effects of inlet nressure variabons en cegine performance, Less than b5 varation i
thrust and mixturee ratio oad O i speditie ampulse result from the extremes of exprcied
propetlimt inlet presstre ariations,
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; 5.2.1.4 Performance

Low-thrust specific impulse characteristies for the baseline engine are presented in Figure
5-7 ax a function of thrust and mixture ratio. The 2 1o 5 drop in specific impulse levels
between full thrust and low thrust is almost entirely due to increased kinetic losses. Boundary
laver and divergence losses remain essentially constant on a delta impulse hasts, Combustion
losses decrease due to the increased combustion efficiency resulting from the gas-pas injection,
and ideal impulse increases because of the increased injector enthalpy due to greater relative
heat pickup (enthalpy pumping) in the chamber/nozzle coolant,

&
’ Design Point
. 500 O/F = 6.0
3 Thrust = 15,000 Ib
g Arca Ratio = 640
480
§ /
460 O/F/ —
- 5.0
—
440 6.0
‘:': 7.0
420
B 0 400 800 1200 1600 2000
: Thrust - [b
NW
\ DF 106764
- Figure 5-7. Advanced Expander Engine Off Design Low Thrust Character-

istic, Revised Baseline Cycle Configuration
5.2.2. Kilted Engine

Kitting of critical engine components for low-thrust operation was investizated to detive
possible improvements in engine performance, life, and reliability, Baseline engine life
low-thrust operation already significantly exceeds all known requirements due to the le
severe aperating conditions, making kitting for life purposes pot practical. Kitting of the
turbomachinery was not considered because of the major cost impact. The results of the
kitting iy estigation, including cost where applicable, are presented in 'FTable 5-2 and discussed

in the following paragraphs,
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TABLE 5-2. KITTED BASELINE ENGINE SUMMARY

‘eight Cost Impact
Change DDTELE Production
Component Kitted _Effect (i) ($M) (SM)
1. Controls Increased Reliability -16 +1.0 101
2. Chamber/Nozzle Optimized Design; =35 +51 +06
. e +14.5 sec Isp
3. Regenerator Optimized Nesign -18 +1.5 +0.1
Redesign
Note: 1. Couets are rough order-of-magnitude in FY"79 millions and are increases above
taseline engine DDT&E levels not considering required consumables or facility
modifications.

2. Production costs are per engine cost based on a buy of 50 kitted engines.

5.2.2.1 Controls

The controls could be kitted to increase the engine reliability potential and decrease
engine weight relative to the baseline engine. The fuel control valve of the baseline engine is a
three-position valve. It full-thrust operation is not required, the valve could be changed to a
two-position valve configuration. This would eliminate the actuation system required for the
third position, which would slightly reduce engine weight and increase the reliability by
reducing the possible faiture modes. An even more significant advantage can be gained on the
oxidizer system. If full-thrust operation is not required. the oxidizer liquid flow system can he
eliminated, as shown in Figure 5-8. This change would also increase reliability by further
reducing the possible failure modes and deerease engine weight. A reduction in engine weizht
of approximately 16 1b can be realized by kitting the fuel control and removing the oxidizer
liquid control syster.

5.2.2.2 Chamber/Nozzle

Kitting of the chamber/nozzle would provide reduced weight and increased specific
impulse. Because of the high power margin at low thrust, the chamber/nozzle could be changed
to a counterflow configuration instead of the baseline engine parallel flow configuration (shown
in Figure 5-9). This allows removal of the regenerator because with the countertlow configura-
tion, vaporization of the hydrogen, before it is used to cool the chamber/nozele, is no longer
required. Chamber throat area can also be reduced und chamber pressure increased until the
fuel pump stall line is reached or the engine runs out of power. Figure 5-10 shows the fuel
pump characteristics at low thrust for inlet mixture ratios of 5.0, 6.0, and 7.0. For this design,
the engine power limit was reached betore reachizg the pump stall limit due to the stgnificant
evele power loss rexulting from the regenerator removal. The increase in chamber pressure
provides a slight decrease in weight and a significant increase in specific impulse due to the
increased area ratio, increased injector enthalpy, and reduced kinetic losses. Figure 5-11
presents the wpecific impulse resulting from the higher chamber pressure levels as well as
baseline encine performance. Kitting the chamber/nozzle provides a 35-1b reduction in weight
and a 14.5-sec increase in specific impulse for the 1500-1h thrust mixture ratio of 6.0 condition,
In conjunction with kitting the chambor/nozzle assembly, the injector could be kitted tn
provide a slight decrease (~5 Ib) in engine weight, Howes or, because of the bigh efticiency of
gas-gas injection of the haseline engine at low thrust, no increase in engine performance would
be realized from the injector change,
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Figure 5-11. Low-Thrust Kitted Engine Performance Characteristics, Ad-
vanced Expander Engine :

5.2.2.3 Regeneraior

The regenerator could be kitted to decrease engine weight. Because of the high power
margin experienced (only 507 of the available fuel flow is required to drive the turbine)
during low-thrust operation, the regenerator designed for full thrust supplies a surplus amount
of heat transfer. With the parallel flow chamber cooling configuration, the regenerator is
required to prevent thrust chamber hot-wall burnout. Replacing it at low thrust with a smaller
desjgn, allows the regenerator to provide just enough heat transfer to vaporize the fuel prior to
using it to cool the thrust chamber. This optimized low-thrust regenerator design requires 90
of the available fuel flow to drive the turbine and results in a decrease of 18 1b in engine
weight.
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SECTION 6.0

SAFETY AMD RCLIABILITY COMPARISONS

6.1 INTROBDUCTION

Crew safety and mission reliability are important considerations in the selection of an
engine configuration for the OTV. As part of the Task 6 elfort, reliahility comparisons were
made for the 15K advanced expander cvele defined in this study and a staged combustion
engine being considered for the OTV. Parametric curves of mission and crew safety reliebility
as a function of engine reliability were also penerated for one, two and three engine OTV
vehicles with, and without engine-out capability. Relative differences in crew safety and
mission reliability were then estimated for the two engine cycles using the relative engine
reliabilities and parametric curves established previously. The following sections describe the
analyses made and results of the safety and reliability comparisons. Reliability definitions used
in this study are given in Table 6-1.

TABLE 6-1. DEFINITIONS

1. Reliability
Projected — evtimated lower limit based on sample nize
Engine — probability of engine uperating normally on next firing
System — probability of vehidle operating normally on next firing
Mission — probalility of mission being completed as planned
Crew (safety) — probuability of crew returning safely.

2, Confidence level — probability that true celiability is equat to or greater than
estimated.

3. Accountable firings — engine tests that are valid for statistical reliability
demaonsteation purposes and excludes tests outside expected flight engine
conditions. __

6.2 ENGINE SYSTEMS COMPARISON
Analysis was completed for vehicles employing one, two or three engines. A direct
comparison of crew safety and  “wsion reliability for these systems is shown in Figure 6-1.
Assumptions for this analvsis were: ’
L. Of all main engine failures, 107, will destroy adjacent engine(s) but not
damage the remainder of the vehicle including the auxilliary propulsion
system (APS)

2. 0f all main e ngine failures, 3, will disable the vehicle

A The uxiliaey propulsion system (APS) has same relinbility as main

[BAFSHIEY |
4. Norescue facilities are available
5. Six burns are required 1o complete mission

6. Three burns arc required to return the crew

-1

No vehicle danage resalts from APS failure.
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. Mission . . Mission | Satety

Configuration Reqm't Suafety Reqm't Rel Rel
I Main Engine 1 ME I ME M) Si
1 Main Engine, 1 APS I ME | ML or APS M2 S2
2 Main Engines 2 ME | ME M2 S3
2 Main Engines I ME 1 ME M4 S4
2 Main Enpines 2 M T ME MS SS
2 Main Epgines, | APS | 2 ML } ME or APS M5 S6
3 Main Engines 2 ME I ME M7 s7
3 Mazin Engincs I ME 2 ME MR S8

0.9800

0.9600

0.9400 |y aq2.ss

Mission or Safety Reliahiity

©

&

0.9200 <
Sy
Sa
§ ®
4
Q al
0.9000 S -
x ~

M3IMS M6 '

0
0. 0.9900 0.9920 0.9940 0.9960 3.9980

Enginc Burn Rehability

1.0000

Figure 6-1. Impact of Configuration on GTV system Relability
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Of the eight configurations presented in Figure 6-1, a two engine system with an
engine-out safety capability and a single engine svstem with an APS safety backup provide the
highest combined crew safety and mission reliability levels, Figure 6-1 also illustrates that
engine reliability near the present RL10 demonstrated reliability of 0.9082 (90, lower hound
confidence) is probably necessary to provide adequate mission and safety reliability.

Using assumpticas similar to those praposed by Grumman as shown in Table 6-2, an
engine system reliability of (.9997 at the 90, confidence lovel is required for a man rated
vehicle. Changes were made to the Grumman assumptions and the resulting reliability
estimates are shown in Table 6-3.

g

L. Less of entire OV crew is 1 in 50 instead of single crew member
Losses due to engine are 15, instead of 507,

3. Losses in 8TS phase of mission are not considered in 1 in 50 crew cereer
loss.

From Table 6-1, it is apparent that a multiple engine svstem with engine out capability
requires a lower engine rehiability. However, Figure 6-2 shows that to demonstrate this enzine
reliability would require more thae 2200 accountable engine firings without a single taiture.

6.3 ENGINE RELIASILITY

The inherent reliability of an engine is a function of its parts (e.g., controls, mechanical
and structural design. eyele, ete) and can ondy be demanstrated by firing the engine. Figure
6-3 shows demonstrated engine reliability at 90, confidence as a function of the number of
firings. This figure ~hows that lurge numbers of engine firings are necessary to obtain high
demonstrated engine reliability and any failure reduces demansteated engine reliability signifi-
cantly. As an example of the time required to abtain high reliability, demonstrated RL10A-3-3
engine reliability is shown on the figure.

Because of the excessive number of firings required to obtain the desired demonstrated
engine reliability levels, the inherent reliabitity of the 0TV engines showld be maximized. 'This
can be accomplished by reducing the number of fail'ie modes (complexity) of the engines,
eliminating single point failures wherever possible, and minimizing the number of catastrophe
failure modes. o

Control system simplicity is a primary driver in obtaining an engine with high inherent
reliability. Figure 6.4 shows the relative control complexity as a function of the number of
engine parameters on closed-loop con ol This figtire is conservative ince only single measure-
ment inpots were assimed Lot in tvpical application redindant measurements are utilized.
Figure 65 (hased an was turbine engine electronic control reftability) relates the control
complexity to th relative rnber of failures. indicating that the number of falures inereases
at faster thim 4 one ta one relationship with compleaity, This intimates that unless the time
and money are s hible to obtain a demonstrated reliabilite: number by accumulating an
excessive number ot engine firings, a simple engine evele with a mintmum of closed -loop
control functions ~hould be selected for the OTV enygine,

Single point faiture modes can be reduced by providing redundant svstem:. However this
s not alwavs possible, and in those cases the svatem should be made tasl <ate, and additionally .
should be designed to aperate even with o minor moadfunction tegt strengthening the actinators
on avalve <o that 1t operates even it internal binding is present),
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TABLE 6.2, ASSUMPTIONS FOR MOTV MAN RATING®

® MOTYV crew memb-r career risk 1in 50
(i.e., crew career survival rate = (.98)
@ Assumed number of missions per crew 10
membet
® Hence, crew mission survival rate. 0.998 (1 failure in HOM

This per mission survival figure has to be al-
located hetween the STS and MOTY phascs -
making an ar'nutrary, even, division we have:

® Survival rate for STS phase of mission 0.999 (1 [ailure in 1000)
@ Survival rate for MOTV phase of mi-sion, 0.999 t1 failure in 1000)

Preliminary Aflocation of MOTV Catastrophic Falure Likelthood

Critical Subsystem  *¢ Allocation _Missians per Catastrophic Failure

Main Propulsion 50 2,000
RCS 10 10,000
EPrs 8 12,000
Avionics 7 14,000
ECLS 10 10,000
Radiation Protection 12 LA
Crew Transfer 3 30,000
Food/Water 0 o

Overall Structure 0 ™

*Heterence: Manned Ceosynchronous Mission Requirements and Syvstems
Analyvsis Stedy, Grumman Aerospace Corporation, 7 November
1979

TABLE 63, REQUIRED OTV ENGINE RELIABILITY

_ Configuration o Engine Reliahiity N lfj(q_lfu’ltqhnll.;"
1 Burn 3 Burns
Single Main Engine Q.99948 0.9997
Two Main Fugines with 0.9995 0.9997
Engine-Out Capabuhty tor
Three Crew's Nafe Return
One Man Engine with APS [IRUINGY 0.9997

Hackup for Crew'’s Sate Return
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The number of catastrophe failure modes of an engine is a function of the engine cvele
and the control svstem. An expander cyele engine has fewer potential catastrophe fmilure
modes than a staged combustion evele engine becase it is power limited and requires fewer
cloxed-loop control functions. Gearing the turbopunips together also iicreases the inherent
reliability of an engine because it reduces the number of control functions and also prevents
one of the turhopumps from accelerating and causing a catastrophe tailure. A series turbine
engine configuration reduces the ilow control requitements which increases the inherent
reliahility. The most inherently reliable engine configuration wauld be an expander evele with
upen-loap control, a series turbine configuration, and the turhopumps geared together.

8.4 FAILURE MODE COMPARISON FOR ADVANCED EXPANDER CYCLE AND STAGED
COMBUSTION ENGINES

The staged comhustion engine evaluated in this task was a 20K thrust engine defined
under Cantract NASY- 32996, It was compared with the 15K thrust advanced expander cvele
engine optimized in Task 4 of this study. Operating characteristics and the evele fur the staged
combustion cycle engine are shown in Figures 6.6 and 6-7. Similar information for the
expander cycle engine has been previously discussed.

To accomplish the reliability comparison, cvcle pressures and temperatures and engine
design and operating characteristios were evaluated tor the two configurations. A copparison
ol evele parameter levels for the two configurations is shown in Table 6-4 while a camparison
of design features for each is shown in Tahle 6-5. :

The staged combustion engine operates at a chamber pressure of 2000 psia while the
expander evele operates wt 1580 psin. Because of its hizher chamber pressure, the staged
combustion engine generally has higher svetem pressures and temperatures than the expander
cvele. It utilizes combustion products burned at a fow mixture ratio in a preburner to drive its
main pumps while the expander evele uses hydrogen heated in the regenerative chamber and
nozzle and a regenerator to drive its pumps. The staged combustion engine wtilizes an active
closed-loop electronic contro! system while the expanider evele engine uses solenoid eperated
valves and hvdromechanical ~ontrals with no closed loop funetions for its control. In the
staged combustion engine all pumps aperate independentiy while in the expander evele engine
all pumps are geared tozether eliminating the need for an active control svstem,

Design features and operating characterist’es for the Advanced Expander engine were
evaluated to identity its failure modes. A failure mode and etfects analvsis (FMEA)Y tor the
RLI0A-R-3 engine modified to reflect differences for the Advanced Fxpander engine was nsed
as the hasis. A total of 66 failure modes were identiried for (his engine,

These failure modes were then eviduated as to potential hazard and clussified as 1o the
likelihood of occurrence. Definition of the elassitications used fo grade the tailure modes by
severity and Itkelihood of oceurence are shown in ‘Fable 6 6 and 6 7, Previous RL1O oxperience
with similar Lilure modes as well as advaneed expander engine cperaiery conditions were
considered in classitving the Tailures., It was assinmed that redundant vehiele propellant valves
and helivin ~hurort valves would be o ailahle, This would ¢liminate the hasard o Aenpgine
failures relvted to loss af vehicle propellants or heluan, The tadure modes identitied and
hazard classitieations assinued are shown in Table 6 S

Oulv tour failure modes tor the Advineed Expander engine were tound to he in e Nl
or No. 2 hazard category dikely (o canse complete svstem loss or major su<tem dannaged 1 aed
on this muiber of hazardous tailure modes it was extimated that anbv 6870 of the failure~ for un
Advanced Fxpander enuine would result in damage toam adyc at crmne. o was tarther

3

estimated that only V0 ot the engine faitures would thimunge the velude
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TABLE 6-4. COMPARISON

OF

ADVANCED-EXPANDER AND

STAGED-COMBUSTION CYCLE PARAMETERS

Advanced Staged
Expander (‘am(y_‘fn@*
Thrust, 1b 15,000 20,000
Chamber Pressure, pria 1505 2000
Chamber Mixture Hatio 6.14 6.43
Oxidizer Boost Pump Discharge Pre: sure, psia 77 133
Oxidizer Boost Pump Speed, rpm 2980 6020
Oxidizer Boost Pumyp Turbine Inlet Pressure, psia — 4418
‘Oxidizer Boost Pump Turbine Inlet Temperature, °R — < RO6
Fuel Boost Pump Discharge Pressure, psia 47 74
Fuel Boost Pump Speed, rpm 30,600 24,681
Fuel Boost Pump Turbine Inlet Pressure, psia — 4438
Fuel Boost Pump Turbine Inle Temperature, °R — < 808
Oxidizer Pump Discharge Pressure, psia 2160 4852
Oxidizer Pump Speed, rpm 56,790 70.000
Oxidizer Pump Turbine Inlet Pressure, psia 1950 3297
Oxidizer Pump Turbine Inlet Temperature, °R 815 1860
Fuel Pump Discharge Pressure, psia 3390 4563
Fuel Pump Speed, rpm 115,000 95,000
Fuel Pump Turbine Inlet Pressure, psia 3440 3297
Fuel Pump Turhine Inlet Temperature, °R 884 18690
Preburner Combustion Pressure, psia - 3307
Preburner Combustion Temperatute, °R —_ 186t

TABLE 6-5.

COMPARISON OF ADVANCED-EXPANDER AND STAGED-COMBUSTION ENGINI

DESIGN FEATURES

Component

.. Advanced Expander

Stoged Combustion

Igniter

Fue! Boost
Pump

Oxidizer
Pump

Fuel Turbopump

Boost @

[ ) Hydrogen-Caoled Torch Igniter
® Two Spark Igniters nnd Exciters
L ] No lgniter Propellant Valves

Two Hydrogen-Cooled Bearings

Rear Bearing

Inducer Gear Driven by Oxidizer Pump
Turhine

o Pwo Bearings -
LH, Cooled

Hox from LO, in Pump

2-Ntage Centrifugal

Double-Acting Thrust Balance Piston
Buack to Back Shrouded Impetlers
2-8tage Partial Admission Turbine Drive

Seals
Twa Bearings Hydrogen. Cooled

130

Inducer Gear Driven by Fuel Pump Turbine

Sealed With Labyrinth Seals Upstream of

Front 1O, Cooled and Rear

Shatt Seal Package to Isolate GH. in Gear.

Shiouded Blades With Blade Tip Labyvrinth

Two Hydrogen-Cooled Torch Igniters (Pre-
burner and Main Chamber)

Two Spark [gniters and Exciters {or Pre-
burner

Two Spark Igniters and Exciters for Mai
Chamber

Two Igniter Propellant Valves for Preburner

Two lgniter Propellant Valves for Mai
Chamber

Inducer Driven by Separate 1-Stage Turbine
Honevcomb Tip Seal
‘Three Bearings

Inducer Driven by Separate 1-Stage Tushine

Two Bearings

Three Shaft Seals to Separate Turbine Gif
from LO, in Pump

A 8Stage Centnfugal

bBalunce Piston for Thrust Balance

External Seal Joints on Each Cross-Over fo
Access

2-8tage Turhine Drive With Uncooled Blade

Shalt Seal Package Pressurized Wah LH t-
Isolate Pump from Turbine

Sheet Metal Liner in Inlet Mamifold to Min
tmize Low Cycle Fatigue

Four Bearings
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TABLE 6-5. COMPARISON OF ADVANCED-EXPANDER AND STAGED-COMBUSTION ENGINE
DESIGN FEATURES (Continued)

Component __‘__Advanced Expander ] Staged Combustion
Onxidizer [} 1-Stage Centrifugal With Shrouded [ 1-Stage Centrifugal With Inducer
Turbopump Impeller [ 4 Balance Piston for Thrust Balance
[ ] Single-Acting Thrust Piston [ ] 1-Stage Turbine Drive With Uncooled Blades
[ ] 1-Stage Full Admission Turhine Drive [ ] Three Shaft Seals With GHe Dam to Sepa-
[ ] Shrouded Turbine Bindes rate 1O, from GH;
[ ] Shaft Seal V’ackage to lsolute GH, in Gearthox @ Sheet Metal Liner in Turbine Inlet Manifold
from LO, in Pump to Minimize Low-Cycle Fatigue
® Turbine in Series With Fuel Pump Turbine o Four Bearings - Front LO, Cocled and Rear
[ ] Two Bearings - Front LO, Cooled and Rear LK, Couled
LH, Cooled
o Speed Synchronized With Fuel Pump by Syn-
chronizing Geur Between Two Pumps
Gearbox [ Common Gearbox for All Pumps [ J None
[ ] Two Power Drive Gear Trains
® One Synchronizing Gear ‘U'rain
[ ] GH,-Cooled Gears With Dry Lubricant
Preburner [ ] None [ Co-Axial Injector
L ] GH, Ccoled Liner
Combustion ® Milled Copper Channel Chamber - Area Ratio @ Milled Copper Channel Chamler - Area Ratio
Chamber of 6:1 of 14:1
[ ] 15-in. Chamber Length [ 4 Single Paas Counter Flow Cooling
[ ) Single Pass Purallel Flow Cooling
Regenerative [ Tapered Tubes Furnace Rrazed [ ] Brazed Tubular Construction
Nozzle [ ] 360 Tubes (180 Short and 180 Long) [} 400 Tubes
® Area Ratio of 200 [ ] Area Ratio of 17500
[ ] Two-Pass Couling (Parallel, Then Counter @ Two Pass Cooling (Parallel, Then Counter
Flow) Flow) .
Extendible ® Radiation Cocled - Carbon/Carbon Material ® Dump Cocled With Cooling Flow lom Fuel
Nuozzle ® Area Ratio of 64001 Pump Discharpe
@ . Not. Cooling Required [ ] Area Hatio of 40021
® Nozzles at End of Fach Flow Tube on Nazzle
[ ] 1012 Round Cross-Section Tubes
Main Injector [ ] Co-Axial Elements [ ] 108 Co-Axial Elements
o Regimesh Face With GH Coaling ® Regimesh Face With GH Cooling
® Tangential Shat Oxvidizer Elements [ ] Caps Partialiv Over Entrance of Oxidizer Fle
ments Near Oxidizer Inlet to Given Eaen
Flow Distrihution Across Injector Face
GO, Heat [ ] Milled Channed Flate Construction [ ] Chanpel Wl Construction
Exchanger [ ] Twer Pusses for 1O 3 One Pass for GHL - Right - @ Fawated Around Main Chamber Throat
Angle Flow [ ] Provides GO for Tzmters, T 1 and THI
| ] GO Vahe Controls Flow Phrough Hex
[ ] Provides GO for 77 and THI
Regenerator [ AMited Chanoel Plite Constraction [ ] None
[} Simgle Puss for Both Flows - Right Angle
Flow
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TABLE 6.5. COMPARISON OF ADVANCED-EXPANDER ANI STAGED-COMBUSTION ENGINE

Component

DESIGN FEATURES (Continued)

Extendibie Noz-
zle Retraction
Mechaniim

Controls

Monitoring

Instrumentation

Advenced Expander i Staged Combustion

) Uses Three Ballscrew Jackshafts ® Uses Three Rotating Screw Jacks
o Two Drive Motors [ ] Driven by Single Power Source
[ J Flexcable Between Jackshafts Maintains Syn- @ Flexible Cable Used to Synchronize All Screw

chronization Jacks
® Cam Lock Secures Nozzle in Either Position @ Cam lock Secures Notzle in Position and
o Electric Sclenoid Used to Unlock Cam lock Carries Load
® Four Solenoid Valves ® 13 Propellant Valves
[ Nine Propellant Valves (Two Make Up Main @ Uses Active Electronic Control System With

Fuel Control) Kedundant Features
[ ] No Closed-Loop Controls ® Electronic Actuators for Valves With Addi.
[ ] No Sensors Required for Control tional Pneumatic Actuators on Six Valves
[ ] No Modulating Control Valves for Backup
® Electrical Power Required for Solenoids Only @ Closed-Loop Control of Thrust and Mixtre
[ ] Seven Prupellant Valves Are Open/Closed Ratin - Required to Maintain Safe Limits

Type and Two Schedule Areas During Transients
[ ] Operating Modes Are Selected by Actuating @ Five Redline Perameters Monitored

Various Combhinations of Solenoida ] Redundant Sensors Used for Major Control
[ Active Control Not Required Because All Parameters

Pumps Are Geared Together ® All Valves Welded in Place to Minimize

Leaks

® 13 Parameters Monitored ® 60 Parameters Monitored

TABLE 6-6. HAZARDOUS FAILURE CLASSIFICATIONS

Class 1: Failure which is likely to cause death or complete system loss. Includes loss of all
vehicle propellants or helium.

Class 2: Failure which may cause injury or major system damage. Includes major damage
to an engine.

Class 3: Failure which may cause minor system damage resulting in a mission abort,
Includes minor damage to an engine.

TABLE 6-7. FAILURE LIKELIHOOD CLASSIFICATIONS

Class §: High probability of occurrence at some time during hife of engine.
Class 2: Moderate probability of occurrence at some time during hife of engine.

Clags 3 Low probahility of occurrence at some time during hfe of cngine.
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Design features and operating characteristics for the staged combustion engine were then
compared to those of the Advanced Expander engine to identify relative failure modes. The
relative comparison was made because sufficient detailed information was not available for the
staged cembustion engine (o accomplish a complete FMEA. Each component was compared
for both engines to make the failure mode comparison. The relative comparison of failure
modes is shown in Tables 6-9 and 6-10. T'he staged combustion engine has at least 49 more
failure modes that are unique to it while the Advanced Expander has 6 that are unique. This
results in the staged combustion engiae having a total of at least 43 more failure modes than
the Advanced Expander engine.

TABLE 6-9. COMPARISON OF POTENTIAL FAILURE MODES FOR STAGED.
COMBUSTION ENGINE RELATIVE TO ADVANCED-EXPANDER

ENGINE

Component

Igniter System

Fuel Poost Pump

Oxidizer Boost
Pump

Fuel Turbopump

Failure
Made Comparison

Same failure modes as Advanced Fx-
pander Engine except:

1.

[X)

a.
b.

More potentinl failures - Two com-
plete systems ured instead of one.

Igniter propellant valves may fail
to operate.

Fail to open (no ignition)
Fail to close tmay burn igniter)

Same fuilure modes as Advanced Fx-
pander Fngine except:

Potential for one additional bear-
ing to fail

Same failure modes as Advanced
Expander Engine

Same failure modes as Advanced Fx-
pander Engine except:

1.

te

o

Potential for two additional
hearings to fail.

Putential for turbine faiture due 1o
avertemperature

More  potential for faitures  as-
sociated with impeller rub . Uses
three stages instend of two,

Meore potential fur failures rolated
to seals. Muach larger temperature
ditfercuce between pump and tur.
hine Nuide. LH required in seal
package,

Same potential for sheetmetal linee
in turhine inlet ywanifold and tur
hine disk cover to tail. Not necded
on lower  temperature expander
engine.

143

Hazardous Fatlure
Fatlure Modes Failure Likelihood
_Mazardous  Classification _ Classizication
Some 3 3 (manv svstems
can be have redun.
dancy)
No
Yes 3 ki
Probably
not
Yes 2 2
Yes 1 1
Yes a k]
Yes 2 2
Na



Pratt & Whitney Aircraft Group

FR-13168
Valume 11

14

TABLE 6-9.

COMBUSTION

ENGINE

ENGINE (Continued)

COMPARISON OF POTENTIAL FAILURE MODES FOR STAGED-
RELATIVE TO ADVANCED-EXPANDER

Cemponent _

Oxidizer
Turbopump

Preburner

Main Combustion
Chamber

Regenerative
Nozzle

Fxtendible
Nozzle

Failure
Mode Comparison

Failure Modes

Hazardous
Failure

Hazardous Classification

Failure
I;lkr’[lhuod

Classification

Same failure modes as Advanced Ex-
pander Engine except:

1. Potentie} for two additional bear-
ing (ailures.

2. Potential for turhine failure due to
overlemperature

3. Muore naotential {ur failures related
Lo seal:.

a. Much lorger temperature dif-
ference between pump and turbine
fluids.

b. Potential for failure of GHe supply
to seal package.

4. Some potential for sheetmetal liner
in turbine inlet manifold to fail
Not needed on lower temperature
expander engine.

All failure modes are unique to Staged
Combusiton Fnpine since  preburner
not  reguired  tor engine.
Some prehurner finlure modes which
could oceur are:

exputnder

L. Non-umtorm temperature profile
could cause turbine distress and
failure.

2. Non uniform liner couling cnuld
cause burnout of preburner com-

bustor.

Sume failure odes as Advanced Fx
pander Engine except:
1. Heat flux higher more potential
for chambe: burnout,

Same Lulare oedes as Advanced Fx
pander Figine except:
I. Heat flux bigher more potentind
for nozzle tube harnow

tlure modes with

More  potential

damp cooled nossle
o Potentaad for tube buraoat due to

blockuge or poar distribution of
conting 1low

144

Yes 2
Yes 1
Yes 1
Yes 1
No
Yes 1
N()
Probably
Not
Prabably
Nat

Probably
Not
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TABLE 6-9. COMPARISON OF POTENTIAL FAILURE MODES FOR STAGED-

COMBUSTION ENGINE RELATIVE TO ADVANCED-EXPANDER
ENGINE (Continued)

Hazardous Failure
Failure Failure Modes Failure Likelthood
Component Mode Comparison Hazardous Clessification  Classification

Main Injector

GO, Heat
Exchanger

Extendible Nozzle
Retraction Mech-
anism

Controls

Monitoring
Instrumenta-
tion

Same failure modes as A-lvanced Ex-
pander Engine.

Same failure modes as Advanced Ex-
pander Engine except:

1. More potential for failures because

two valves (fuel shunt and GO,
flow control) are used to control

heat exchanger flows.

Same failure modes as Advanced- Fx.
pander Fngine.

Many more potential failure modes in
control system:

1. Putential for four more propellant
valve failures {13 vs 9 valves used)

2. Potential for failure of actuators
on all valves.

3. Potentinl  for misscheduling  of
three modulating valves. Critical
during transients.

4. Potential for many failures in elec-
tronic control system and ax-
societu? electrical equipment.

5. Potential for failure of closed -loop
control kensors.

6. Potential for failure of five redline
parameter rensors.

Same failure modes as Advanced Ex-
pander Engine except puotential for
muny more {60 vs 13 parameters
monitored),

3 (redundancy
on major
valves)

These relative failure modes were e -uluated to ascertain if they wonld be hazardous, and
classified for severity and likelihood using the same criteria as used earlier for the Advanced
Expander engine. This information is included in Tables 6-9 and 610 for cach tailare mode. A
total of 2 of the failure modes unique 1o the staged combustion enzine were found to have No.
I or No. 2 hazardous classifications, One was found in the 6 talure modes unigue to the
expander evele engine. Based on this information it was estimated that 59 of the tailiares for
a staged combustion engine would result fn damage to an adiascent engine. It was al.o
estimated that at least 15 wonld result in damage to the vehicle, This compares to 6 and 37, |
respectively estimated tor the Advanced Expander engine. The number of tailure modes
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estimated for the staged combustion engine is probably low since sufficient information was
not available to make a detailed evaluation of the control system. However, many more failure
modes than indicated probably exist in that area.

TABLE 6-10. EVALUATION OF POTENTIAL FAILURE MODES UNIQUE TO AD-
VANCED-EXPANDER ENGINE

Hazardous Failure
Failure Modes Failure Likelihood
Component N __ Failure Mude _ Hazardous Classification  Classification
Gearbox Failed gear Can be 3 3
Controls Failed solenoid valve - Four used on
Advanced Expander Cycle Engine.
1. Start solenoid fails open at shut- No
down. Inlet valves will reman
open; engine will be shut down b
fuel shutoff valve. Vehicle pre-
valves will prevent any significant
propetiant loss.
2. Start solenoid has internal leakage Possibly, if i 3
during 8ll operating modes and leakage high
coast producing unscheduled valve
actuation.
A Failure of other solenoid valves  No

6.5 MISSION AND CREW SAFETY RELIABILITY COMPARISON

To compare mission and crew safety reliabilities for the staged-combustion and ad-
anced-expander evele engines, it was necessary that estimates of hoth engine reliability and
the percentage of failures that could damuge the vehicle or an adjacent engine be made for
both engine configurations. The damage to adjacent engines was needed to determine crew
safety rehiability on multiple engine vehicles where the crew can return safely using a backup
propulsion system or with one of two engines out.

Although the Advanced-Fxpander engine has more valves than the current RL1O,
elimination of the closed-loop thrust control and propellant utilization mixture ratio control
makes the total number of failure modes nearly the same as the RLIOA-3.3. The current
demonstrated 900 confidence reliability for the RLIOA -3 engine ix 0.4952 (hased on 1131
accountable firings). Since an engine'’s reliability is refated to the number of potential fatlure
modes and engine configuration (e.g., control system, eyele, eted it was assumed that the
advanced-expander cvele would have essentially the same percentape of accountable firings at
FFC as did the RLTeA 3-8 Based onca total of 1250 firings for the advanced-expander evele at
FEC, it s estimated that 700 firings would he accountable for reliability purposes,

The staged-cambustion engine comfiguration (from Contract NASS-32996) is similar 1o
the SSME (e contre! svstem. evele, ete.) and is expected to have a similar number of tailure
modes. The projected percentage of accountabl ta total firings at FPLO for the SS\E
(22570 was applicd 1o the estimated total (1000 engime tests at FFC were estimaied undet
Contract NASK 329961 to e accomplished on a stoged combustion O TV engine, This result- in
an estimated 225 accountable firings at FFEC.
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Using these assumptions, demonstrated engine single-burn reliability at FFC for the
advanced-expander cycle was estimated to he (19967 and for the staged-combustion engine was
estimated to be 0.9598.

These values are assumed reasonable reliability estimates for the two engine configura-
tions, based on the information available.

During the failure mode comparison, estimates were made of the percentage of engine
failures that would disable the spacecraft or adjacent engines for both the ataged-combustion
and advanced-expander engines. New parametric curves of crew safoty reliability as a function
of engine burn reliability were generated using these values. New curves were generated for the
two engines with one engine out, and one engine with APS backup OTV vehicles only, since
the previous parametric curves had shown that more than one engine is needed to provide a
reasonable crew safety reliability level. ‘T'hese curves are shown in Figure 6-8. These engine
reliability values are estimated on the curves. For reference, mission reliability curves are also
indluded with the engine reliability values shown on them.

The following crew safety and mission reliability values result for the advanced-expander
and staged-combustion engine configurations:

Staged Combustion
(09898 Engine Relability)

Advanced Expander
_(0.9967 Engine Reliability)

Mission Crew Safety Mixsion Crene Safety
Configuration _____ Reliability  Reliability  _ Reliabidity  Reliability
I Main Engine 0.9804 109901 01,9403 09697
With APS 0.980.4 0 9996 01.9103 0.9945
Backup for
Crew Safety
2 Main Engines (L9611 0.9987 (L5842 10,9809

With Engine-
Out Capability
for Crew Safety

These data indicate that both crew safety and mission reliahility will be significantly higher
with the advanced-expander engine than with the staged-comhustion engine. While these
absolute levels may not be exact, the relative levels and trends =hould be indicative of the
differences that exist.
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Configuration Mission Safety Mission Reliability Safety Reliability
I Main Engine, 1 APS 1 ME | ME or APS M2 S2?
2 Main Engines 2 ME | ME M3 S3

Assumptions:

® 307 of main engine failures for staged combustion cycle destroy
adjacent cngine but not APS

® 6% of main engne failures for advanced expander cycle destroy
adjacent engine but not APS

® 157 of main engine failures fcr staped combustion cycle disables
spacecraft (APS)

® 3% of main enpine fatlures for advanced expander cycle disables
spacecralt (APS)

® APS 15 cqually rcliable as main engine

® No rescue facility

® 6 burns/mission - 3 burns/safety mission

1.00

———— vt - — -

— - ———
- — - — ——

0.90

Staged Combustion (§S) - . .
______ Advanced Expander (SA)

°
1= -—
2 v e X2
oz 82 EZ
% E $é £3
M3 7 & <4 O
0.70 V4 * ' Y
0.97 0.98 0.99 1.00

Engine Burn Rehability

Fipure -5 OV Relabiliey With Advanced Engine.
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SECTION 7

PROGRAM PLANS

7.0 SUMMARY

Development plans established for modified 15.000:1b thrust RL70A-3-3 engines (De-
rivatives [1A and 113) and optuimized expander ovele RL10 engine (Category V) an the 1973
Contract NASK- 28959 “Design Study of RLTO Derivatives™ were used as the basis for the plans
presented here. Plans were adjusted to reflect the procurement lead times currently being
experienced, and any new information availuble. A program plan tor the new 15K-1b thrust
Advanced Expander Cyvele Engine was generated durning this study.

The engine development program approach used in the program planning tor the
Contract NASK-229R9 study was bhased on design veritication specitications (DVSY which
specty the design requirements and method of veritving these requirements tor the haseline
RL1O D) rivative engines tDerivatives HA and HBL DVS'S were not generated for the Catecory
IV engine, but an estimate of the veritication program for this engine was made  The
Advanced Expander engine was estimated in a stmilar manner. Fhe DVS'S ectablich
minimum  developument program hecanse the assumption s made that the development
program is “suceess oriented,” and ontyvoone design, build, test evele through engine Frnal
Fhight Certitication is required. Knowing that previous RLT0 and other rechet enpine e Vol
and J-2) deve oment programs have not been aecomphshed ina smgle eveles a redes o and
reverification effort has heen considered i the total engine development program plan- he
total development program etfort planned tor cach engine design was based on data and
experience from previons RO engine programs. The redesign and reverification ottorr was
determined by estimating the DVS requirenients and deducting these trom the total vnzime
development program requirements,

Preliminary program plans were developed for each basetime encime desien confeznear o ton
the total development through Final Flight Certitication tFECH Prograny plantog was boset on
DVR's tormulated for those R0 engine components not abieady gqaahitied, e components toan
are not of the same contizuration as those used in the o erational REAON 3 enggae vl -
currentiv used in the Centaar Lianeh velncle. As stated obe cesaredesign and reventicats citort
was incleded to achieve o realistic total engine developmens proceam Phe meamr melestoes o ond
kev decizion points, as well as other signifieant activitios of these prootams were derned ot it
durations established tor the specitied tasks The number of nardware cormponents and oo
required in equivalent engime sets and the number of coime testawere specta d tor bariv e DIvs
program requirements and the total developmaent program reqrarenments

Test facihities required tor cogine doveiopment and Gronnd Sappere Ko npment dos o
ment were identitied, Coher endbitems, mclodimg packaemg, preservation omdhne and oo
ACtivitivs were aiso specitied.

Budgetary oand planming cost estinnites 1or cach haseline RUT0 encine Cateoory G
rivative HAD B, 11O, Carecory IV and Advanced Fxporaderi are presented i Vot e 1)
this Report, These st tmetes were determimed 1o the development cncme procre: T
tirst production v, and the Operatianad and Flotht Sopport programs
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7.1 ENGINE DEVELOPMENT PROGRAM APPROACH

7.1.1 General

The engine development programs tor the REIO T ernanive (Derivatives AL HBL e
Catesory IVOand Advanced Expander Cyele cnmes eomsidered 1 this and carlier studyv
prefunpary in nature and encompuess deselopment through Night certitication, achievement
envine readimess for production, ond tield operations starting from - carrent operation
RELIOA -G engine tedimology fevels, The prozrams are directed toward mimmizaing the r
ihrongh use of previoas BLIO engine desvelopment progrion data and expenience) nivalved
any maper developnient ettort by veritving that the engine designs meet the hmits of o
teginrements at the lowest hardware level, and sdentiiving margimal conditions by conducts
el 1 e 0 CEatFeas Testa atl detail, subcomponent, component, subsystem and engime levels

In tormulating the programs, emphasis was placed on makimg a well mtegrated ettont
verity the new design requirements, operattonal modes, and ground suppart eqapment of
RE10-derived engines. An essential part of this development effort was the varly veriticatior
potential fmlure modes and preparation of detatled contingeney plans ta ensure early probl
solutions and thus. minimtze impact on the program. Changes i the hasehne deawn cone
were made only for the sesolution of problems and tor veritving that the new design teatures 1
the specitied requirements at the lowest practical hardware assemblv level as early an
program as possible, Marginal improvements were excluded.

High hardware and facility costs are risked in overstress gesting becanse ot possi
catastrophic failures that mav be mduced, howesor, sefective overstress testing can sirmiticar
reduce engine development cost and time by aceelerating the learming rate. Subeompon
overstress testing (material specimen, rotating part sprn, housing pressure, ete b s u
extensively by PEWA 1o find and correct problemsat the linsest wthie hardware level, then
avaiding risks of diamage 1o more expensine hardware. Inaddition to these sabeomponent te
selective component, subsvatem. and engine overstress tests “honld Be mntegrated mta the ove
engine development progrisms as part of the design venteation reqrirement These overstresst
requirements are specilicd in engme and component I\ N

Satisfactory veritication that all requirements hive been met is estabhshed by ton
tlight certitication demonstration eonducted under the corntzance of the procurmg ager
Certitication of The service lite capabihiy of the design s accomphbshed based on the camula
Iite histary of all the deselopment hardsare, ancd s tisal e demanstration conducted usie

simulated tvpical mission duty evele,

Verification is based on (1) demaonstration that the components and engines can perfo
within the margins intended in the desizn when the engine is operating over its range of o
conditions, and (21 Getonstration that the engine has a level of operational maturity, tree
tailures 1o the degree necessary tor satety when nestalied in the OTV stage. When these je
are achioved the coine s ready for thght, where service dfe can be determined by continu
use with frequent m-pee ions untii 2 caose for removal from the sebicle is found . As 1h
canses are cottected, serviee lie will grow, the rate of growth depenstimg mestly on the rate
accumulating tetht expenience, until the target of 190 tnmes and 5 hr of Derivative HA
HIS encines, and o0 tinngs and 10 hr tor Categore 1V and Advaneed Fxpander cnsine:
achieved. With further experience, these targets should be passed in a continuimng growth
<ervice lite Time Between Retarbashment CPRED.
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Implementing this approach to tlight cestitication of long life reusable hardware resilts in
the establishment of tour goals:

b Al Design Veritication Specitications tDVS'S) must have been satistactonih
completed to the applicable certificanon level teither PFC or FFCY,

2. A level of tatarity must be demonstrated in the engine development
program that provides satety tar the itended period of operation between
Inspechings.

A Completion of required design reviens and configvration inspeetions,

4. Demonstration of envine service and <ubsequent teardown and hardware
inspecihions (PFC and FFCY

7.1.2 Design Verilication and Design Verification Control

For the engine development programs considered in this study, the kev to the process is
the DVS. These spectfications identify the design requiremrents to be verified and the method
of verification ol these requirements {or each component not previously qualitied for thight
operation.

The DVS forms the toundation tor the Program Development Plans. During the engine
development, finlure modes are identitied and ehminated at the bavest orectical level., Detail
pacts, sibascemblies, and mor components are subjected 1o oversiress testing and tested to
failure earlv in the programe Initial component test emohasis is to verity components for
engine testing and te verity performance parieeters at the componnt level. Component test
emphasis then shites as guckvias practival 1o tests desigoed 1o identify tailure modes, The
engine tests are planned o that all DVS test ohjectives are considercd an cach test. Using this
information as o base an engineering extimate ot the total mumber of tests and the required
supporting hardware was nicede tor DVS testing, Phe estimates refloct the degree of diftieulty
and the amount ot dircctly rebated expenence applied 1o that desien. Section 7.3 covers this
subject and ~hows the resubts obtad ed for the OTY engine development through FEC

7.1.3 Verificalion Method

The DVS ventreation inethod identiticd i the DN S tar cach dosne grmement speisles
verfication accomphi~hment at hive tevels These aves analvsis, hardware inspection, biborarony
or hench tests, subsvarems ot fre tests and eneime svatem hot- e teste The DVSS tarther
specity ah tests i all devels that are estimated o be requined tor ventioation of the des n
regquirements The oo devels reterred o e detasl parts subcomnonests cnanpan, ot

stubsverem, and e



! Pratt & Whitney Aircratt Group
? FR-13168
B Volume 11

7.2 ENGINE DEVELOPMENT PROGRAMS
721 Summary

Preliminary program plans had been formulatad for the complete engine development
program through final flight certification (FFC) for FL10 engines Derivative I1A, Derivative
HB and Category IV in the earlier study. A plan based upon these was developed for the
Derivative [IC and Advanced Fxpander Cycle Engines. Program planning was based on
previous RL10 engine development program data and experience.

The unique feature of the Derivative 1A and 1B engine program plans is the Design
Verification Specitication (DVS) approach to component and cugine development. Ten
prebiminary DVS's, which define the design requirements and method of verttication of these
: requirements, were prepared for the Decivative TTA engine development programs. Nine of the

Sy T e

: DVSs apply to the Derivative HB engpine development program because the Denvitive 1T
K engine design s hike the Derivative HA engine desizm. with the exception that the 113 Incerporites
. the RLIGA-3-3 cogine parts list tarbomachinery and propellant inlet shotott valves, Thewe
prefiminary DVS's form the foundation of the engine development progrome. Fach DVS detines
the detaled hardware and test requirements neces-ary to verity a single design. There are sonue
: “to-he-determined” (FBD) requirements in the DVS's which require intormation from CEl
; Specitications,

: A limited distribution of these Design Verttication Specifications tgenerated under Contriet
. NASE. 289841 was nade meluding copies to:

Defense D Camentation Center Headguarters
TISIA

: Cameron Station, Building 5,

A Duke Street,

Alexandria, Virgimia 223114

and

:

2 NASA Scientitic and Technical Intormation Facihity,
K 'O, Hox 43

College Park, Marviand 20740

The program planning effort for the Dezivative HC, Category IV and Advanced Expander
Cyele engines did not include forraute tion of DVS's. However, definitions of the anticipated
DV'S test requirements to accomplish these engines’ deselopment program objectives are

: provided.
: 7.2.2 Derivative HlA Engine
B The baseline Derivative HA engine design is a basie REIOA S5 moditied 1o heet watioly the
OTV operating requinements by ancorporatimg coneepts that have alreads been demonetrated
The Dermvative 1R engine consists of an RLTOA 5 3 enpine with:
1. Recontoured, high expansion ratio, two postition nog e
20 Reoptimuzed mjectar
3
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3. Tank head idle mode capability
1. "Zers” NPSH operation capabiliy

5. Low thrust capabidity (detined as the lowest powered stable operation tovel
achievable without sigmticant deagn impactst and  heren desternated
maneuvenng thrust

. Autogenous pressunizatien capability ttuel and oxid.zery,

The total engine development program for the baseline Dericative 1A emane will regu o
about G4 months ol desyn, tabrication, and test eltoet. This etiort will encompuss three desipn,
build, test eveles to FFC tInitied, PFC ard FFC configurationss Fumure 7.1 depicts the
development schedule, presenting the major program milestones and kev decraien paints as
well aa the total engine develapment progran Fhe desion and tabrication ~chedules tor ths
program are shown in Fyaure 7220 and the total program test plan s shown an Figure 723

I'he destgn and tabrcation schedules are planned for carle release of Jong fead-1ime
matertal procurement as well as sequential reieases of drawimes tocupport the tabrcarion progcess
and permit mecting the early hardware delivers sehedites. The magor desien otfort wifl b placed
o the design of the “all new” components for the Dervative HA cnsne which e burde H
recontoured thrist chambers extendible nosse Cxtendible wor e fransditing n claion and
coolant teed svstems, onadizer low speed inducer and drive svaten, GON heat e h mcer tarhane
hypass vitlves, tank pressurtzing valves, and gascous coxrdizer valve. The e noaning desien e tort
is placed on maditication of exasting REL,0A 3 38 compotietits tooancorporate Derocative A engne
peculiar operating teatures. These componentanelude hiel pomp ard tarhiae, avidozer oo,
propellantanlet shatott vadves oxidizer Jow controd valve. ank pressurtzes valves, and enge
pumping and miscellanecas hardwans Emphasis s placed on tbraeation amd testing ol e
specilic Baseline hardware contgurations as opposed too s kberee contonratons o e Presons
study under Conrraet NASK 250809 00 e estadiabiedd That an i e contro] svetem wnl sty
the crnne control and operationad regairements. and therefore, b wdboard contro! SENELE
hardware is Lot necessary.

Major component testing sl be imitiated with e tests of 4 torch pniter tor the
Derwvative IV enune 1o bhetter delime igmition aperating bots of the component ar OV
operation and propeliant conditions, This testing < planned to he cccomplished on B 9 1est
stand. These detinded test requirenments are dedisested m DVS ST < Other mugor Gomponent
tesaing in addition 1o the rig testing of the torch azniter mciudes new torbomachimery bearme
rig tests on Bo14 test stand and rig testing of the tael pump and tariane, oxidizer pump and

pear drive, and ovadver Jow speed ainducer o0 B L and 8307 test stind-, These detailed test
requirements are dehineated o DS NTE §

Control soatem component testme the other maior compeaent st o for the Dergres e HEy
engine, 1= directed toard e~tabisboient of an oanterrated vatte and contood <vate i Capabhie ot

controllin s the co b lectivev i the tsk b ndle mamie v Froet aend f e e
modes, The corrnd <oaem o the tank head adle neade mefndes on ondizer o conars 0 1 oy
control e tarbine byvpass satve The control aatem teatins will ¢ oo primaredy ot e he b

cabbrattons o demonstrite aecnracs, repetabi’ L0 and reponee Cane sy IRELSTRRNTLY
Functional and integrated <vsrems testine will al.o be completod v e e satistactony e
dunng the engine test program and doring cncime ~ervice Briee T he dosnied too reaniressente oy
the control svatem compenents e delimeated i BVS STE L and 0 Vdde g Compeeaent
testmg will indchede the wmgectar, recptrnrzed Lo o pnture rater o o b ST e g b
nezzle and eelarted hoardswore (VS STE €0 pliumbing and nsece! o s bordw o o < | - iy
aneh o GONX Beat o lrer tDVOSTE T ventoaten foar 1ovte Preitan sty oo neista o by
Laborttony testimn o vents s many of the component desn LRI TL AT 1Y O TN T SO T STt

e metalled onoan enaiine aeee
cinizt st alled anoan enane aesembo 153
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Because engine tests are significant cost items in the development of rocket engines,
companent testing will be used to eliminate those failure modes that can be resalved at o lower
hardware assembly level, thus reducing total engime svstem testing, FKigane desim and

verification requirements are delineated in DVS.STE 10,

To accomplish a program efficiency. emphasis is placed on the following:

Identification of each require nent and its veritication

Verification of requirements at the lowest hardware level practicable and as

early in the program as possible

Use of overstressing testing to uccelerate fallure mode detection at the
sthecomponert, component and engine levels,

The design verification specification documents identify each new design requirement
and assumption and its veritication. These documents are preliminary and contain some
requirements that are to be determined. Each DVS document includes the design require-
ments for the components or engine, the number of hardware components required, the
number and types of tests required, and the verification method. Section 7.4 of this report.
Design Verirication Specifications, deseribes DVS formulation.

A listing of the preliminary DVR documents generated during the Contraet NAR S.25089
study for the new and modified RLIOAZG components are listad below:

I.

4.

10

DVS.STE-1
n
2)
€3

DVS.STE 2
(n
(R
hH
)

DVS-STE 1

DVS ST -

WS SRS
(i

DVS ST 7

I

DVS ST

DVS ST

DVS ST o

Sequenced Vilves
Fuel Inlet Shutott Valve (FISO\)
Oxidizer Tnfet Shutoft Valve tOIS0N)
Turbine Bypass Valve (TR
Pressure-Operated Valves
o o Tank Pressurization Valve (10TPV)
ank Pressurization Vadve (R TPV
‘ontrol Vidve (GO
ot Flow Control (OFCY

Flight Tastrninmentation

Fuel Pumy and Farbine

Oxidizer Pump and Drive Svstem
Oxidizer Low Speed Indueer

Thrust Chamber Assembhy

Foatendible Norsk
Foatendible Nozzie Tran<Lites Mechoniam

GON Hew Exchangeer
Toreh luniter
Plambing and MiceeBaneons Handware

Frgeine
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The DVS's establish the program requirements in terms of numbers of hardware

verifying a single design without redesign and reverification iterations. From the preliminary
component and engine DVS design and verification requirements, about ten equivalent engine
sels of hardware, 58 engine builds tncluding rebuilds), and 550 engine tests were determined
necessary to accomplish the baseline Derivative 1A verification program objectives through
Final Flight Certification. Jt was estimated that about 49 months would be necessary to
accomplish the baseline Derivative 1A engine development DVS program component and
engine design, fabrication, assembly and test verification requirements. The Verification
Program Schedule is shown in Figure 7-4 and the control task required to accomplish the
schedule is shown in Table 7-1. Redesign and reverification effurt must be allowed to arrive at
a realistic estimate of the total development program requirements. Historical RL10 design,
fabrication and test experience was used as the hasis for establishing a total baseline
Derivative 1IA engine development effort. ‘The DVS etfort was then subtracted from the
baseline effort to vield the aliowance for redesign and verification, which is about 407 of the
total development effort. This appears to be reasonable based upon the difficulty of the
development program and the amount of directly related experience and is illustrated in
Figure 7-5.

It was estimated that about 850 engine tests over w period of 3 months, combined with a
A0.month design support, fabrication, and initial component tests period, would be necessary to
accomplish the total baseline Derivative HA engine development program objectives, Duration of
the overall development effort is estimated at 64 months, These total program requirements are
hased on previous RL10 engine madification history and similar concept history. Development of
the RL1DA-3-3 engine madel required about 1000 engine tests during a 24-month test perind and
a 33-month overall development program duration.

Five active engines were selected tor the engine development program based on the above
considerations and particular characteristios of the expander. turbine power evele. A total of
about 90 engine builds, including rebuilds, are proweted tor the Derivative LY engine total
development program as compared with 175 for the equivatent REIOATA develapment program.
About 26 equivalent engine sets of hardware are necded to support the total assemblv and test
programs,

Fabrication and testing of the Derivative 1A engine can be accomplished in existing
RLIOA-3-3 fecilitios. To accomplinin the engine test program, two vertical test stands, E-6 and
E-7, will be used. test Stand 1.6 is now used for acceptance testing of the operational
RIL10A-3-3 engines being delivered to the NASA-LeRC tor Centaur launch vehicles and will be
used in thix program for testing Derivative I engines with a primary nozzle only, i.e., without a
nozzle extension. Test stand F-7. now inactive, will be reactivated for tank head idle thrust,
maneuvering thrust, and full thrust tevel testing uf engines with a truncated nozzle extension.
The major stand special test equipment that is planned ftor installation in E-7 test stand,
shown in Figure 7-6 is reguired to provide an accurate simulation of predicted propellant
conditions undcr the zero gravity conditions encountered in space.

The high-uvea-ratio nozzle engine testing tul nesele extension can be secomplished at some
test facility other than P&WA, cuch as the Arnold Focineering and Bevelopment Center tARDCY
test stand J 4 For this development produam. the AFDC 3 fest stand s constdered as the
haseline, and the program development costs retlect this approach

A sumnnary of the test facilitios estimated tor the Derivative TTA engine deselopment
program is presented in Section 70

Ground support equipment (GREY developuwnt tor the baseline Derivative THA engine is
described in Section 6 The GRITrequited tor the Vaochine Dertvative TEA desipn, mantenance
and operational modes was dentitied. A listing: of these items is contained in the Operational
and Flight Sapport Plan, Volume HHL Part 2 of PAMW A Frnd Report FR-601E, Desiin Study of
RI1O Derivatives,
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TABLE 7-1. CONTROL TASK DEFINITIONS

Definition

FR-13168
Volume II
Control
Task No
1
2
3
4
5
6
7
8
9
10
1"
12
[K]

Establish, by conducting une waterflow test on one fuel inlel shutott valve (FISVY, oxidizer inlet shutot?
valve (OISV) and turbine bypass valve UTHY), that the effective nrea ol the component ik adequate for
proper operation in the engine ow aystem. ‘This testing wil! be accomplished phor to commutting the
component to the fint engine hot-fire test

s 1n each axis, that the component

Establish, by cunducting one v ihration test for a minimum of TBD nvnute
This testing with he accomplished

will suntain without detrimental efiects, engine stalic iring environment
prior to commiting the component to the it engine hot fire test

Estahlish, by conducting endurance evele tests an one unit for a piuman of TR percent of the cveles
specified, that the mechanical elements of the valve will tunction properiv when subwected to engane static
firing testing. This testing will be accomplished priof to committing foe compuenent tathe first engine hot -

fire tent.

one [unctional test on one FISV, OISV and TRV that the l‘ull)]Nll\(‘l‘ll will meet the

Eatablish, by conducting
sl prier to committing the FISV,

operational requirements ut the engine. This testing will be aceomprhishe
OISV and TVH to the tirst engine hot-fire test.

wvstem test data. each requirement histed in the Hequirements
Source [ndex whose source 1€ other than the Intertace Control Document e or Contenct End ltem (CED
Specification; such requirements vahidatin <hall be secamplished prior to Critical Desipn Review {CDRY.
Those requirements that cannot be validated by correlution to engine system test data ate exempted trom
this control task. Specific requirements Lo be validated are coxded tn the Requirements Sousce Index.

Validate, by meany of correlation to engine

m areas and wadequacies related to hardware design bv
subjecting the comp aent ar enyine to all overstress testing speaitied o this applicable DVS. with the
exceptinn of that overstress testing planned for sccomphshment at the engne sestem lovet under simulated
altitude conditions. Such overstress testing. exclusive of the noted exception, will he accomphshed prior to

CDE.

Establish early detection of potential proble

Estallish, by conducting une waterflow test un une oxidizer tank pressurizing valve (OTPV), fuel tank
preasucizing valve (FTPVY (GO, valve (GOV) and oxidizer flow control (OFC? that the effective area of
the component is adequate for proper uf .ration in the engine flow system. This tertirg will be
accomplished prior to committing the component to the first engine hot-fire test.

i each axis, that the component

Establish, by conducting one vibration test for a mintmum of THD niinut
“his testitygg will be accomphished

will sustatn with sut detrmmental ettects, engine static hiing eny wronment L
prior to comnutting the component 1o the tirs engine hot tire test,

fests on ane unit tor o manioum of TRD pereent of the eviles
operly when subtected 1o eine statie
g the compoment to the st engine hot-

Fstablish, by conducting endurance ovele
speeitied, that the mecharical elements of the valve will functu
firing testing. This testing will be accomplished prior to commy
fire test

functional test on one TPV, FTPV, GOV and OFC that the component

Establish. by conducting one
s testing will be accomplished prior to

will meet the operational requirements of the engine. Th
commiting the component tu the first copine hot hire test.
wthe teel pamp. ovidizer low speed inducer,

Mator companents m the Farlepuip
sty wali be

Fatablish, by e ducting tonetonal and peetanmance tests o
and mam oadizer pump, that the pamping pertornnaee ol the
Ve oF proper operation st the engane b Uand ovedozer s sastoms Thist

Assemhly s adeque
Vvt [ire test

accamplisbed priot fo comeiting the Turbopump Assemhiv tothe st engne

evile teste o the fuel paaep sadzer ba speced indacer, and man

Fstablhish, by conducting endurmme
wervent of The cveles specared . that the mochamesd eiements of Ve

exidizer pump tor a minmmuom ot T
Torbesp nap Assembhinchnding the gear drne

stutie frvme testinge Lhis testing satb be ac ampihed proe tec

will Bt prope tiy wien subpeetod to enomne
ciatting the Doathwpump Assombiv tathe

first engine hot e test

Estahlish, Iy comdae i o remim o one sonies ol v rdoed cboominer Taoe N tlow testal that the

chamber condant Tha 5 e qruate ta prosiie sathe ant oottt et coemteer
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TABLE 7-1. CONTROL TASK DEFINITIONS (Continued)

Control
Ta<k No Di finition

14 Establish, by conducting a mimmum of one seres of snjector eold low tests, that th mixtore eatio
charactenstica ave adequate to provide the required mixig ethecney (C* W) Tl testing will he

. accomphished prior to comstting the thrust chumber assembhly 1o hot-fire tests,

15 Estabhsh by conducting a msnimiusn of v <er e« ot indnodosd nossle panel and extendible nozzie dasemiddy
cold tlaw tests, that the coolant tow s adeauate to the extendible nozzle This testing widi be accompliched

: prior to committing the extenichle nozzle 1o bt hire tests

16 Establish earlv detection ot patential problem areas and inadeguacies related 1o hardware desen by
subjecting the speciticd extendible nozzle componenis 1o overst e testing specitied an this DVS) Such
overstress testing will be sccomphished prior to engine hot fire tests,

. 17 Establish, by a mmimum of CERDS tests ot Desagn Pomt on an oxveen heat exchanger, that the oxs gen

5 temperature rice and kvdrogen tempertere deop are withon an sverage ibae of 0 FBDD B of nominad and

B oavigen and hvdrogen pressure bomses are within « CEBDY prad af the Fngine Oy Sherts In additun, the
oxyvgen heat exchamger must demonstrate stable operation. This testing will b avenmphished prior 10

i commr Ung the oxvien hedal oxidizer 1o engine teshing

: I8 Establish, by a minunun of CFBD enpine tests at tank head idle, pamped edle and full thrast, that the

i oxygen temperature nse and bvdrogen temperature deopare within - (TR R o nominal and oxveen and

. hydrogen pressure hosses are within : CFRD) paad ot 1he Engine Cyvele Shects over the Fange of engine

: operating conditinns, ax in TBD. In addition, the axopen heat exchanger must demonstrate stable

: operating,

: 19 Extablish, by o mimimuam of bwe Besee tests at Deaen Pamt on s toreh igniter that the hot yas temperature
i within an average value of 1 PR of nominad and coolant thow requirements are within < 0 FBDG 1 <o
of the Engine Cvele Steets This testing will be accomplished prine 1o commntting the toreh waiter to
eneine tescing.

20 Establich by condneting inspections of thaid Tmes tas feo? i Tables EALand HEof DVS.STE 9 that each
bine v complisnce wath all ot the reqmrements defmed by the appheable drawings and Prewess
specitications, Pheseanspections sall be accomplishied prior to commuttiungg any i to the nest engise hot
fire tesr, ’

21 Estahlish, by demonstesting the sanshietors completion of the prool pressufe tests, as specilicd tor the hine
s Disted i Tables B and TH ot DVS STE 90 that these hines are stractneath weeptable. Phis testing

: will be accomphished prior to committing any hine 1o the first engine hot Qe tost

22 Extablich. by conducting inspectio s of plumbing beackets el statie seads, that cah DALt contorms o the
applicable drawimg requurements and process specstications | L mspections will he accomplished proor

i o committnn it pirt to the Birst stalie engine ot fire fest.

H

§ 2N Extablish, by conductimg one vibration sed for a minmum of CFBDY neoate i each anis, that the malor
flud hines CUBID will costinn withennt detremental ot . tsorheanginn <ttt Erivgr e avmenment Phis te ~ting

+ will be aecompli~hed prior to committmg the hne to the Birst engime hot $00 et

.

. 24 Eistablish vhronpeh the condinc U ol 10 hot fire feso o ony i £ raane svsletn (g ated tesole o Xtensions thar
the cagine s capable of site <t dad Sbatdown. cperaton at Tank Heol L 2 DD Maneovers e
EMErand at Mamstage (NISS Betwen mudtore natiom of D and 60 Flire tea e he ecompien d ey
to commtiny the e, fo ostir g wath b ozsie o alension

23 Eatialdec thromeh tne condo st ob 200 1t 10 1eae on vtme or Baste i suatete §01 1 RS
exiersond dnat the omgme s capable db - e thiaas o thee g e e anler vondie e .
capalie ot st e peracon cer the three e tean THEE Cve 1o AIS T ave e it e ¢ s
tree oy o T MS Tovelmavre st o i MY Love it e satio b oiar L feved Iy g,

g ot eper it werh s ol s entenoan ot SYHE oo VIS ' o shlebed Thas Gt
aceoreplished prsor 1o the refease ot longe deand e dae, = o0 [T A N ITIN

26 Fatahinh, throngeh the vondint of Do g 0 e N I N R Y TUT TR
engme s capable of TR N o XIS e Y o e o N s s
the tadl ramze ol et condstons Tois lostion v b 0L e e 0 et T
el e
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Engine Modification - Dvs - Redesign end
History Verification Reverification
Similiar Concept
History
999 59.7 40.2

_Costs in Millions of 1979 Dollars snd Exclude Fee But Include Propcliants e 141008

Figure 7-5. Derivative 1A Engine DL T&E Progrem Estimating, Approach and Results

CAPABILITY.
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i ! -4 enimg CONDITIONS
XY
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Figure 7-6. Proposed E-7 Test Stand Modification to Provide  Accurate Simulation of
Predicted Propellant Conditions Under Zero Gracity Condutions

The estimated propellant and ancillary fuid requirements for the baseline Derivative A
engine total development program are inch aed in the program cost estimate.

The estimated quantity requirements are:

ILH, 7.000,000 th
1.03, 30,000,000 th
LN, E3.000 000 Th
GN, RO, 000,000 sctf
GH, 2400000 sof

7.2.3 Derivative 1I1B Engine

T'he haseline Derivative HB engine desipn inclides the same features s the Desivarine 1A
envine design except for the inlet cendition requirements Whereas the Dennvative HA encme
features a “‘zero” net positive suction head (NPSHE operation capabilite v 0% vapor for hath
fuel and oxidizer) ot steadsestate full thrast operation. the Derivative HH enmne regoimes o
positive NPSH ¢ Lt ie NPSH el and 2750 NEPSH oxtdizery, This relivation inindet condition
reguirements allows the vae of the RETOAS Zengome as 1~ parts hst tarbonrchimery . Thos the
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resudtant programmatic eftect i< a shorter development program duration (5% manths) thay
features 100 less engine tests and three fess equivalent engine sets of hardware throush FFC, The
Derivative HRB engine consists of a RL10A 3 enpine wath:

1. Tlecontoured, high-expansion-ratio, two-position pozzle

1o

Reaptimized injector

3. Tank head idle mode capabihity

1. Pumped idle mode capability (239 full thrust, herein designated maneun-
vering thrust)

S0 Autogenous pressurization tfuel and oxidizer).

The develapment program for the baseline Derivative 1B engine will require about 59
months of destn fabrication, and test eftort. This effort will encampoes three desizn, build,
test cycles to FFC (hnitial, PFC and FFC configurations). Figure 7.7 depicts the development
schedule presenting the major program milestones and key deciston points as well as the total
engine develcpment program. The design and fabrication se sedules tor this program are shown
in Figure 7-8, and the program test plan is shown in Figure 7-9,

The destgn and tabrication and test etfort will be carried out in the <ime manner i
dexcribed tor the bascline Derivative I engine, ander Section 30 Sabsection 2.1, except the
turhomachinery and hearing desipn, build ind veritication testing, and the propelant iter vahve
design. build and verification testing s not required since these compoments are the <ime
component cenfiziration as those already qualined and used in the operational REL1OA 323 envine
used in the Centaur vehicle Tannch progran.

Prelim nary DVS documents generated during the previons studv for the new and
maodified RLIVA-3.3 components, which require desiyn verification tor the haseline Derivative
HB engine are essentially the same as those required tor the Derivative 1A engine (refer to
Table 7-2) with the following exceptions: '

1. The DVS STEAD requirenents tor sequenced valves in the case of the
Derivative T engine development are apphicable 1o the Turbine By pass
Valve only siice the fuel and ovdizer inler shinalt vidves are the same
configuration as the qualiticd RELIOAE engine valves

2. The DVS STEA requirements for the oxidizer pump and drnne svstem and
the oxidizer low specd inducer are deleted entirels Tor the <anie neasean as
given for DS STEY above fe o the eperational REJOA 0 D enane parts
Hats tirbamachmery i nsed “oe w7 i tbe Dervative TR ensone deosgen

The DVS'S cblhich the sraram requirements in terms ot pumbers ol hardsware anda

tests tor testne bvels estimaien tor sentticition of the componaent aoed cno deaen ar PR

and FFC T seqmirments speeitied i these docutrents are based cnovoriion g simgzde oo
with no redo s erations, From the prehimmany comporent and encme DVS e g oes
verthieation comrerments, about e eqaivalent encme ot o bardwane V5 engine b

tinehading rebontd- and H00 cnzine tests were determned G be necesway to sccomphish e

haseline Dervative T vonncation program obiectnves throre b B Fioo ©vrntioate » Th
overall baseline Derivative B component encimne devebagvaent oot s cone pted o0 1
same approach as for the Depvative TR The estiieate tor poe o s setits atioan 1t

400 ot the total develosnaent ettort, The approach aed recalis e chown a0 Foore 7 5o

was st e d it abeant s nenths won'd b necessary to o accon i the bcoome Thers gt o
HB engme deset e DVS procia compeaent ond ercine o b o b

and tesr vorinoation regqunrement . 163
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TABLE 7-2. RL10 DERIVATIVE ENGINE DVS LIST

Candidate Fnyine
DV Peguirement

('-ml[mm‘n{hl DVRSTE. N {iA i
Sequence Valves 1
Fuel Inler Shutoff Valve \
rvbizer Inlet Shatoft Vihe hY
Furbine Hypass Valve N N
Fressure Operated Valves d
Ouchirer Pank Pressunzation Valve N X
Fuel Fank Pressunization Vaive X \
GON Flow Conteol A nive N AN
Oxedizer Flow Cantrol AY A
Flight Invramentation l N\ N\
Fuel Pump and Turbine 1 X
Oxadizer Pump and LS] Drisve N
Onidirer Law - Speed Indacer hY
Theust Craamber Assemhbhy \ AY hY
Fxtendible Nozgl- 8 N N
Extembble Noyote Transbating Mechaniem N X
GON Heat Exchanger T hY AN
Torsh Ignter ~ N N
Plumbing and Mhvoelaneons Hardware " AN hY
Foene e Lo NN
Estimated
Simitiar RL10
Engine Modification - DVS . Redesign and
History Verification Reverification
Similiar Conce:it
History
/89 46.6 323

Costs in Millions of 1979 Doltars and Exclude Fes But Include Prooetiants

Fogwre J000 Dervcatioe 1B Ensinye DOTAOE Proocram Estoniirins Arnranch

and RKesie
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It was estimated that about TH0 engine tests over a period of 32 months, combined witl
27-month design support. fabrication. and initial component test period. would be necessary
accomplish the totul haseline Denvative 1R enzine torad development program ohiectin
Duration of the overall development eftort is extimated at % months. These toral prosn
requirements are based on previous R0 engine moditicatron history and sitailar conee
history. and current material icad tin.e Development of the RL10AS envme model requit
about 1000 engine tests during the 24 menth test pertod and a Ad-month overall developon
program duration

Five cctive engines were celected tor the Deric ative 111 engine development program has
on the ahove considerations and particular characieristios o tha expander arbine power ove
A total of about B0 engines. inciuding reamlds, wili be used fo the Drerivative B engive tore
development program as compaced with 175 tor the equivalent LW ToA L tdevelopment progcry
Ahout 24 equivalert enzine sets of hardware u-e planned 1o aipport the tonad assembiy and ¢
programs.

Fahrication and testing of the Dernative TR engine will be accomphshed in the e
RLI0OA-3-3 facilities. To accomphish the CIEINE Lest Program. 1o verticad test stands, <
E- 7. will be used. Test stand E 6 is now vsed 1or e eptance testing of the cperational R0 3
engines being delivered to the NASA L ¢RC for Contaur and will be used m this procram t
testing Derivative [TH engine with a prnimary nozzle, e without 1 noszle extension. Test <ty
F-7. now inactive, will be reactivated tor the 1ank head idle thrast, pun.ped dle thrust, and 1
thrust level engire testing of engines with a truncated noszle extension. The mumor stand <peay
test equipment that is planned for instabiation in E-7 test <tandd, previousiv shown in Fioeee 1.
s regprired to provide an aceurate simelation of prodicted propetbant conditnns under the se
gravity conditions enceuntered in space.

Because the Derivative HB engine uses the RETuA 3.3 engine parts list turbomachinen
component test facthty and test henches B BT and B reactivation and or moditicatio
i not required. Al other tacilities Leted 1n Subsection 7.5 are required for the Derivatine 11}
engine development procram. A sumiar. of the tet taailities estimated tor the Derivative 111
engine development program is presented in Section 7.5,

The hich-arca-ratio nozsle engiee Gating can be accomphished in o the Aredd Ensmeenn
and Development Center iAEDCY teat crand 1% Tt is neciessany to mihe Nrontications G thes
<tands to make them operational tor Uhes tosting, For this devs onment prosram the AR L
teat stand is eonsidered the basehne, and the procram devel prwnt costs retiect this anproadt

Ground suppert equipment (GSEdevelopnient tor the hoseline Dervative 1IB

e g
descnbed in Section 760 The GSEF regured tar the basehine Derivaine 1183

Csipn. tan
tenance and operational modes was estabinshed. A Dsting of these 1tenis tor the Derivatine i

engine. which are idenoical with the Deevarne 1A encine, s Cont e
Flight Sapport Plan, Volume L Part O ot the previous study

mothe Operationad ane

The estimated propeflant and atec e (lund Tegrarentonts oo the
endine Torai devedopimenr program are o

ceted ot nrecrae o

Phe estimated roauiremonts are

I.H RN TARTY AN

l.(). :flwku.ql-n"‘,

]\ \wm..,n

(N ~ [ RN

G
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7.24 Derivative HIC Engins

The third candidate basehme eopgine 15 the RUIO Dervative O, which is a maditication
ot the basic RE1OA-Z- 3 engine by the addition of &« hich area-ratic, tae-position nozzle and a
recontoured primary noszle o provide iereased poetormanee for an casiv operational OTV.

The developrient program for the baseline Trenvatine O enaine design consists of 37
moenths of destzn, tabnication and test eftert This ctort will encompass one design baild -test
eviele to FFC e anlyv the Final Flipht Contipovaton will be developed. The devetopment
schediuie showing the magor program nudestones, kv deasion pemnts, and the 1ot envine
deveiopment program s shown m Fizare 715 The baschine Deencaine HC test plan s shown
m Figure 712
t
!

Mator comporent testing will be pntiated wWith faea prossirs caony dve tetime tolowed by

torch igniter testing

Fouine testing will be accomplished tothe <ame manner s desertbed in tae baseline
Derivative TTA encine program developrirent and wel Boam S mentb s aover siart of deve lopment.

A prelimmary fisting of the Deasn Veriheation Spevibication doonmients reqgue d tor the
decin vertficatton of the new and moditied RETOA D 5 componen < teed in the Dercative He
encine is given helows

1. Pressure Operated Valvs

® Fue! Tunk Piessurisatien Valhve
® Ohidizer Fiow Control

20 Fheht Instrumentation

A0 Thrasr Chamber Assembiy

. Extendihle Novsle

S0 Phimbing and NBacolianecus Hardw

6 Dernvatine HC Enpme

Althongh DVSS were not formnfated s a part ot - He Doncesa BC engine deove bapneent
procram plan, an estimate o the DVS nrocram rogreeswents was v e Thie wais o0 vde troom

PWS reguirements compansan of the Pornvative O en e cont ot 0w ith the cnsimeerme
{

iedament to cadnst the Dertvatang THR encine DAS vgnnemenr v bl comnon e 1o
Dernvative T encane DVS veguuaeniont . The resaions DIVS pscr s onmeme it~ tht wire
¢ i

determined to boocessory tor the Dernvative HE oo e b 00 vt sete ot e
s . . . i v . 1 F . . .
Naniware, enpnne Swe bl rmctbing sopndds and TS o ne svstar e

Tewas oxteared s honsr T s nthie w0t e e B R N N SR TR
Povsvative TH ens o0 D s procra compoient i oo e Tos e e i oy nd
To-d verteate s e A

Fomir Cotany o e st et M e e e . S P PR TR
Gl N e e i e e e et ety L X A
[ EELEE LIS T PR AR I N PN ETRRSEES R ITIN
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abrication and test experience formed the hasis tor estimating the
e number of engine Tests
combined with

Historical R110 design. f
duration of the overall baseline Derivative HC development and th

as estimated that about 183 engine tests over i period «f 6 monthes,
‘essary toaccomplish the haseline Plerivative
development effort s

reguired. It w
a 31-month design and fubrication period., will be nec
1O engine development program ohjectives. Duration of the overall

estimated at 37 months.

test stand reactivation, and modiications o sccomplish the
ments are much less than those desenibed for the
trom the basie RETeA 38
require that

Special test equipment,
ha~cline Derivative 11C engine program require
bascline Category 1B engine programs, since the only magor ditference
addition of the two-position nozzle. The characteristies ol this noszle

engine is the
dity such as the J-3 stand at

engine testing with the nozzle installed be accomplished inatest tac
AEDC.

nt requitements will consider modifications to existing GSE

Ground support equipme
d as necessary and developed concurrently with engine

de~igns. New GSE will be provide
development. The GSE development is described in Nection 7.6.
The estimated propellant and ancillary fluid requirements for the ha eline Derivative HC
engine total program quantity requirements are estimated {0 be:

LH, 1.200.000 th
1.0, 5,200,000 b
LN, 2,300,000 b
N, 49,000,000 scf
GH, 410,000 scf

7.25 Category !V Engine

The fourth candidate baseline engine is the RL10O Category IV, This new engine, specifically
desizned for use in the OTV, is based on the RL10 and uses RL10 engine design concepts where
possible. Tt is interchangeable with the RL10 Derivative HA engine and has the same operating
modes. but is lighter, shorter, has a higher performance and a lenger lLite.

The development program for the haseline Category 1V engine design consists of &0
months of design fabrication and test eftort. This effert encompasses three design build-test
eveles to FFC; ie., initial, Preliminary Flight Configwration (PFC)Y and Final Flight Contigura-
tion (FFC). The development schedule showing the major program milestones, kev decision
points, and the total engine developmaent program is shown in Figure 7-13. The baseline
Category IV test plan is shown in Figure 7-14.

high-pressure tuel turhopump and oxdizer

NMajor component testing will be initiated with
vitlve and

turbopump and bearing testing followed by low-pressure fuel and ovidizer pump.
control system testing.

W in the same manner as described in the basehne

Engine testing will be accomplishe
1 miths atter ~tart of development,

Derivative HA engine progzram deselopment and will begim !

172
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A preliminary listing of the Design Verification specification documents required for the
design verification of the Category [V engine ix given below:

1. Sequenced Valves

® Fuel Inlet Shutoff Valve
® Oxidizer Inlet Shutofl Valve

~

2. Main iruel Control

[ —
w

Pressure-Operated Valve
; o Oxidizer Tunk Pressurization Valve
: & Fuel Tank Pressurization Valve
; o (OX Control Vaive
! ®  Oxidizer Flow Control
s 1. Flight Instrumentation
B 5. Turbopumps
:
: ¢ Fuel Low-Speed Inducer
! ® [ligh-Pressure Fuel Turbopump
i ® Oxidizer Low-Speed Inducer
: e High-Pressure Oxidizer Turbopump
‘ 6. Thrust Chamber Assembly
7. Extendible Nozzle
: e Iixtendible Nozzle Translating Mechinism
; B, GOX Heat Fxchanger
i 9. Torch Igniter

10. Plumbing and Miscellineous Hardware
1. Category IV Engine,

Although DVSS were not tarmulated as a part ot 1,2 Category IV engane developmam
program plan, an estimate of the DVS program requirenients was made This was made trom

¥

: DVS requirements comparison of the Category IV engine coafiziration swith the encmeering

3 judgment to upgrade the Derivative TTA engine DVS regquircment~ to a level comparabic to

Category IV engine DVS requirements. The resulting DVS program reguirements necessary for
the Category IV engine are: 11 cquivalent sets of engine hardware, 81 engine hueild- nncludmg
rebuilds) and #0 cngine svatem tests,

: 1 wis estitnatod that about 69 months would he necessary 1o aecomphich the baseline

Catepory IV cigine DVS program component and cngine destin, tabrcation, assembdv, and

: test vertdication sequirements, Fhe approach tor estimatime the clements of the enane

. developient pn nocasts and the resalts e showan i Frgare 700

21

SV rive e ones tor a total ot 13 engines cheling cebuildst were selected for the vl
development program . About 20 cguivalent engine sets of hardwire are needed to sappere the
total assemblv and test programs
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Estimated
Simitiar RL10
! Engine Modification - DVS = Redesign and
' History Verification Reverification
z. R
: Similiar Concept
: History
!
; 156.6 - 83.0 736
2
3 Costs in Millions of 1979 Doltars and Exclude Fee But Include Propellants
“% FD 74169D
i
1 Figure 7-15 Categors IV Engine DDT&FE Prograry Estimating Approach and Costs
3
3 Historical REL10 design. tabrication and test experience tormed the basis for estimating the
f duration of the overall baseline Category IV development and the number of engine tests
i required. [t was estimated that about 1000 cagine tests over g period of 44 months, combined with
i ads-month design, fabrication and initial component test period. will be necessary to accomplish
: the baselime Category IV engine development program obicctives. Duration of the overall
: development effort is estimated ot 80 meonthe. RL1O engine development to the first RLIO
: Preliminary. Quahfication required about 1200 engine tests and a 64-month development
2 program.
3
i Special test equipment. test stand reactivation, and nuedifications to accomplish the
haseline Category IV engine program were 5 sumed to be the same as described for the baseline
: Catepory HA engine program.
) Ground support equipment requirenients will consider modifications to existing GSE
i designs. New GSEowill be provided s necessary and developed  concurrently with enyine
3 - e . . - L : .
] development. The GSE development ic desenihed in Section 7.6, A listing of these items of
GSE for the Category IV engine i contamed in the Operational and Flight \uppnrt Plan,
H Volume I'l Part 2 of the tinal report of the previous study,
H
i 3 The propellant and ancillary had requirements for the baseline Category IV engine total
%’ development program are estinated 1o be: ’
3 FH. LIRTIRIS
f. 1O RIXESIRITININ
LN IRETITTIR IS
: GN. RIERETINITIRSE!
: G, RETLIRTLIRSY,
s
7.2.6 Advanced Expander Cycle Engine
3
H The fifth candidate hasehne engine o~ the Advonoed favpander Cyvdde. This new engine,
specitically desigred tar nse an the OXTV v boscd on the groand rules taken trom the contract
Statement of Work wsnown i ‘Table V0
E
ES
v 176
f. -
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TABLE 7.3, OTV ENGINE REQUIREMENTS

The requirements for the OTV engine spphicable to a vehicle of the type envisioned have been derived from numerous
NASA in-house and contracted vehicle and systems studies and are:

1. ‘The engine will operate un hquid hydrogen and hiquid oxygen propeliants
2. Engine denign and materials technology ate to be based on 1980 state of the art.
3. The engine munt be capable of accommodating programmed and’/ur commanded vanations

in minture ratio over an operating range of 6.1 to 7.1 duning a given tnimaion ‘The eltects on
engine operation and hfetune must be predictable over the operating mixture ratie range

4 The propellant inlet temperatures shall be 1625°R fur the axvgen boost pump and 37 ¥*R
for the hyv-drogen boost preomp The boost pump inlet NPSH at full thrust shall he 2 ft for
the oxsgen pump and 15 {t for the bvdragen pump.

5 The wervice [ree Life of the engine cannot be less than 60 start/shutdown cveles or 2 hr
accumulsted run time, and the service fe between overhaulr cannot be less than sin
start/shutdown eveles or 10 he accumulated run time. The engine shall have provisons for
ease of access, minimum maintenance, and economical overhaul

6. The engine, when operating within the nominal preacribed range of thrust, mixture ratio,
and propeliant nlet conditions shall not ancur during its seevice Wife chamber pressare
o illation, disturbances, or random spkes greater than 50 of the mean stendy state
chamber pressure,

7. The er-ine nozzle is to be a contoured bell with an extendible/reteactable section

8. Engine gambal requirements are + 15 deg and - 6 deg in the pitch plane and + 6 deg in the
yaw plane

9 The engine is to provide gaseous hvdrogen and oxvgen autogenous pressurization for the
propellant tanks ‘

1. The engine is to be man rated.

The development: program tor the baseline Advanced Expander Cvele enzine design
consists of 86 mo of design, faboication and test effort. This eftort encompas-es three
desin-build test eveles to FFEC; el initial, Preloainary Flight Contiguration (PFCY and Final
Flight Contiguration tFFCL The development scheduie showing the major program milestones,
kev decision points, and the total engine development program is shown in Figare 7-16. The
baseline Advanced Fxpander Cyvele engine design and fabrication schedules are shown in
Figure 7-17.

Magor compvrent toating will be initiated with high-pressute fuel tirhopump and
oxidizer turbopump and bearing testing followed by low-pressure fuel and oaudizer pump.

valve and control <y<tem testing

Faogme te-time swaill be accomplishe:d in the same manner as described i the baseline
Dermative HA engime program development and will begin 25 mo atter start of developiment.

177
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A predimiary Ieting of the D<o N entuotion speaification documents required for the
desiin vertication of the Advanced Fapander Cydle engine s given below:

i Nequenced Volves

@ Fuel Inlet Shutodr Vahe
® Oxncdirer Tnlet Shuto1r A e

2 Mamn Fuel Contraol

L Pressure- Operated Valv -
° Oxadizer Tank Pressurization Valve
L Fael Tank Pressurizateon A aive
[ ] GON Contral Valve
° Caadizer Flowm Cantraog
1. Flight Instrumentation
5.0 Purbopumps
L4 Fouel Lo Speed ndicer
L High Proscare Fuel Taonepamp
[ J Oxidizer Lo, S;n'l'«’ bdiicer
L] High Prossure Oxadiser Larhopamp
6, Thrust Chamber A<sembiy
7. Fxtendible Nosode
L] Extendible Nossic Pronshiting Mechanmsm

= GOX Hear Exchanyer

“, Torch Lamrer

oo Plambing and Mcelionecus Hardware
It Advanced Expander Cude e

Afthough DVS' S werne not fonanianed s port of the encine development progran plan,
an estimate of the DS proceans tegcoments was made, This was made from DVS require-
Mments ‘u-mp.m'\.-n of the Advanced Fogamder Cuce engine contizuration with the CNEINEenn
idament to uperade the Bensatioe 10V cnane DAV S requiretients 1o a level comparable to
Advanced Fapander Cvile engine 1y S regeoreneents, The resulting DVS program require-
ments necessary tor the Ndvaeced Evpandor Cuole engime are 10 cquivalent sets of engine
hardware, Tos encne bdds nechadis o rcaatdsy aand o0 engine svatem tests, Firht active
engines o a tatal ot Istenpane Daivds ond rebrnldes were selected tor the total develapment
procrome Abaut 40 equinatent cisime sets ot hoodware are necded o support the total
assembivoand test progeams

Fowas catmusted thar aboar U0 wonld B e eseary o aveatplish the haseline
Vdvanced Fxpander Cvebe engme 1IVS e o cotmponent and engine design, tabrication.
assembivoand test ventoatiom requizen o

Histaricad B0 dvesizn, S o e g et e rienee Torpicd the haais for e~timating
the duratsom ot the cacradi baschine Nt Laguaeter Cvcle des Leprnost dmd the pumber of
cizine tests regrined 10 sas st d i e T2 i g car a peried ot 3 mo,
combined wth o Semo desean bt aned ot comporent tost peniod.wall be necessary
toaccamphish the boaschine Advaiond Fopander Cvcle cnsme deve Fopisent prograns objectives,

1Ho



Pratt & Whitney Aircraft Group
FR-13168
Volume I

T Y -
) e
A W e g e g i S

s

R

R —

i

e b R s

e e e

Duration of the overall development effort is estimated at 83 mo. RL10 engine development to
the tirst RLIO Prelimiary Quabification required about 1200 engine tests and a 64-mo

development program.

Special test equipment, test stand reactivation, and modifications to accomplish he
haseline Advanced Expander Cycle engine program were assumed to be the same as described
fur the haseline Category HA engine program.

Ground support cenpment requirements will consider modifications to existing GSE
dewtgns New GYE will be provided as necessary and developed e scurrently with engine
development. The GRE development is desenibed in Section 6. A listing of these items ol G
tor the Categors IV engine is contained i the Operational and Flight Suppert Pian,

Volume L Part 2 of the tinal report ot the previous study, and are similar to those items

required by the Advanced Expander Cvele Engine

The propellant and ancillary Quid requirements for the baseline Advanced Fxnaacor
Caele engine total develognnent program are estimated to be:

I.LH 1,200,000 T
[.O. 19,000,000 1h
N D2 0000 Th
GN. 450,000,000 scf
GH, 4,000,000 st

7.3 DESIGN VERIFICATION SPECIFICATIONS

7.3.1 Genersl

Desion Veritication Specitications tDVS S anphicable 1o the Dervative i A and HB encine
proveams form the foundation upen which the Fneine Devclopment Program Plane can te e
The DVS'S <pecity the design roguirements and the requirements tar vertbans the deson
Rontine component and engine teasibility testing and Pardware requirements engine seppait,
and other miscelianeous tosting and hardware requirement<, i addition 1o the DVS reqone.
ments. ore not mchided in the indivdual DVN'S,

7.3.2 DVS Development

Fundamental pertormance eritertin, contained inan Engine CED Specitication, hitertoee
Control Document or Anahvtical Avabosis provide the desion requirements todevelop the encine
and ensure meeting the misston requirements Fonvine CEF Specitication iave not heen
formulated tor the denvative RO engines. o use i< made of the tundamental pertoresne
criteria contaaned i the Prehimmary Intertiice Controd Docaument, Boaselme Tae Detot g

Diocument and other appheable documents, such as the REISA TS NModan Speaticarees N
SUBAA Siee the DUNC Gsed s stads are preliminary o natuie becarse the srosren s b
study phase. voannenont and enne desion thus far s conveptuals Bence o ennne i

specitication s rot ooshable The VS Cematain the prelimunasy daty necessary toestably oo

performance and desten requirements tor the engine and each maor compeness Wheedatoe

et avishe e the regorements were TREY based on the assamption that e reqrenement < hecome

kiiown, the THEYs would be meorporated. DVSS fther e rthe the onrbod o veve oo
veritication tests and hardware requirements, anabvtical correbrm of doried regpiinenc e oo
encine perdormance and operating requirements, and mrereclations hips cctween PEE o Ee

sequirements. The DVS provides neterences oo supportiog or governins dhocaiment o v v 1o
and substantiires desion assamptions, test miethods, and anadorieat dacy

181
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During the previous study effort, preliminary DVS's were formulated for the Derivative
HA and [IB engine configurations. A listing of the DVS's that are anticipated for the
Derivative HC, Category IV and Advanced Expander Cyele engines is provided in Section
T4, TS, and T, respectively.

o Ten individunl preliminary DVS< were prepered for the engine component such as thrust
- F o chamber assembly, sequenced and pressure-operated valves, fuel pump, etc., and for the
: engine. For a list of these DVS'S reter back 1o Table 7.9,

- ’ © O Total development planning ettort tor the RELIO Derivative engines assamed that redesign
' and reveritication is required The 4, redesign eftort estimate for the Derivative 11A and [IR
+ engmes was hased on the ditterence ot the develapment experience of previous RLIO envine
, development programs and the estimate of the DVS programs. In an onroing engine
. development program, the lormulation of 1eserthication test programs required tor verification of
2 component/engine redesigns is based on an assessment of the onymal deasn and veritication.

Reverification test programs would require both PAWA and Government approval tor authority
to |)r(l('|'(‘d.

¥

7 Cantrol of the hardware contignration used during veritieation i the responsibility of the

2 apphcable DVS Project ngineer. and i monitored by the Contivuration Management
- Organization,

DVS’s initiated by a Praject/Design Eigineering Team are revised through a Configura-
tion Management System when the preliminary implication is removed trom the DVS's. This
provides & common svstem for DVS'S Engincering Change Notices (KCN), Engineering
Reieases (ER), Emane Model Specitication Change Notices (SCNJ, and Interface Revision
Natices (IRN), and alsa provides the internal interface to keep the DVS current with the total
i requirements. The method used to generate, control, and update these specifications is
' ustrated in Figare 7-18,
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7.3.3 DVS Construction

7.3.3.1 Seciion I. Scope

FR-13168
Volume [l

This section sets the hounds of applicability of the DVS. It consists of purpose, lista the
major sections, and provides a statement that each design requirement is keved to a
verification method through a “Cross Reference Index.” It further specifies the DVS's
relationship to the Program Develupment Plan,

7.3.32 Section Il. Appiiceble Documents

This section is to be determined later. When eompleted it will contain a list of applicable
documents referenced in the text of the DV'S. The list is categorized as follows:

P R R

Specifications

Standards

Drawings

Handhooks and Manuals
Other.

7.3.3.3 Lectlion Ill. Requirements

The requirements section consists of the following five subsections:

1.

Performance — This subsection consists of functional characteristics hoth
primary and secondary, operability in terms of maintainability, failsafe
design, useful life, environmental and safetv criteria

CEl Definition — This subsection consists of interface requirements
Design and Construction — This subsection consists of general design

features. selection and review of specifications and standards. materials and
processes, interchangeabilitv and replaceability, manufacturing process,

electromagnetic, interface/susceptibility and identification and marking |

requirements

Reliability Assurance -- This subsection states that the component ‘engine
shall be subject to design review, FMECA and test and malfunction analvsis
requirements

Quality Assurance — This subsection states that components/engine shall be
designed such that material, fabrication processes. cleanliness controls and
tests mav he inspected, and’or verified in accordance with Quality Assurance
requircments,

7.3.3.4 Section IV. Verification of Requirements

This scetion specifies the test criteria required to verify the design requirements presented
in Section I of the DVS, It is divided into the following seven major subsections:

1.

Verification Test and Evaluation - This consists of verilication program

description and control, control task definitions and verification complete

documentation
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2. Analysis — This section specifies the design requirements verification by
analysis

3. Hardware Inspection - This section specifies the design and construction
and quality assurance requirements verification by inspection

4. Laboratary or Bench Tests - This section specifies the secondary per-
formance and operntional charactenstics and operability  requirements
verification by labarators or bench testing

5. Subsvstems Hot-Fire Tests - This section specifies the primary per-
formance and operational characteristics, secondary performance and
operational characteristies, operability, interface and general design feature
requirements by subsvstem hot fire tests

6. Engine Hot-Fire Tests  This section specities the primary performance and
operational characteristics, secondary performance and operational charac-
teristics, operahilitv, intertace and general design features requirements by
engine hot-fire tests

-1

Flight Certification -~ This section specifies the certifications demonstration
and flight certification documentation reguirements verification.

74 SUMMARY OF TEST FACILITIES
7.4.1 Facilities at Government Products Division (GPD)

GPD has thirteen existing test stands, an instrumentation and ignition laboratory,
humidity chamber, gimbal stand, vibration tables (small and larget and test support services
planned tor utilization in the OTV engine development program. Five of these test stands can
be used without moditications to accomplish the planued testing, The remaining eight test
stands will require modification for this program. Detail part. component subassemblies,
component assemblies and engines will be tested on these test stands. Additional tests are
planned to be conducted by Rocket Assembly, Quality Assurance, and Materials Development

Laboratory.

The function and capability of each test stand is saummarized in Table 7-3.
74.2 Government Facilities

NASA graund rules for the previous study (NASK.25089) calted for testing of RL10O
engines with large aren ratio nozzle extensions to he accamplished offsite from GPD For
planning purposes. the 4 test cetl i the Engine Test Facility of the Arnold Fngireering
Development Center was assumed to he available.

Test Coll 3 i o ve-tical test cerl in which rocket propulsion svstems up to 200,000 b
thrust, or engines with a maximom tezzle exat diometer of B in, are tested under simulated
high-altitude conditions. Fhe test cellis capable of testing complete Qightweight missile stages
or spaceeratt. The Fargest of two avardable test capsules (1S by 40 10 s equipped with nitrogen
cooled panels for simulatmg low temperature covironments in addition to low pressures. Space
propulsion systems up to 3600 i femgth anasy be tested in the capsale.
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TABLE 7-4. GPD TEST STAND UTILIZATION

(:1'l) Stand No Dieveripron e T

[0 Simulated alttude tests toveniy cpgme operation and pertormunee wathon 1 bl area

ratir extendible nozsle. Expanst pressires of 404 praa, (18 paaic G and 1L peuooan

N be attained st start tank head 1dle thrast, numnewvenng spumpsed wdied throst and all

. thrast. respectivels INceds munor reactivation and moditieation)

K7 Simulated alttade tests toovenfy engine sfan aperation andor zeto geanaty conditione
Planned capi aley will inelade cuperheasted vapet sarturated vapeer saturated hgoad,
ey NPSHO and cubeodled hgind. OV 10 00 NEPSH S Simeibated fosts for verthy enginge

¥ C Ceperition and pertormane weth a traneated tugh area raticestendible nozzie Fahaget
. pressapes ol 008 pag 00 pase and 000 poscan e attemed o stant tank head e
E thrust, manenvening cpamped adber theust Land Tal theo respectinels ENved naor

reactivation and modifoe ation)

M K7 Low. and bl prescure onadizer pump tests (Deroanne 1A and Catezore IV Nt
required tor Decvative R (N eeds masor reactinitom

P

\
-
>

Low. (Category IV und high preseuee budeogen pump rest~ 1Catezon IV nd
Denvatine HA TNt requited tor Derivative TR N veds niaper fean tivatnom

.
B g
» [ 1308 ] Temperature probe cabibration at CIvORenie Temperatures cne meadilie ad o)
! Rt Fagquid budrogen bearmg and ceal tests at engine spvraton temperatares and specds
; (Nveds tmupor reactinationt
% H 21 Valve catihrations wath water at Hosws 1o 100 pm and pressores e ¥ o Needs mapoe
: reactivation)
N H.22 Vahe ervopenie ovohimg and valve calbrdmns wath water af Mowes 1o 1k gpmand
i pressures fo S0 por ENeCts mator tesc Do)
i 8.9 . Thrust chamber voreh wmter hot hiestg tests at enzine operating conditions (e
b3 tivated, will seed niaper reconsitn tond
) (PN ] Valve, calibrations woth foapond mitregen an (s 10227 s and pressuares ta 925 pa oo
i moditications)
[ ] Thrust-cuntrol crvopemc calibrtnare with coaseons nteozen and daseous bebigm ot e
3 .
: fee 0 20 cetim, Gt pressures G IS0 poand 000 g respectins It mod bt ona
:
. [P Valve leakige cobbranion wiok: paseons matrosen anld sisecais bt a1 s pa T ona
4
[ SECIL At pressures To P00 e and Do ey respe ot coo o it ona
: [EE R Infector calibranions with water ar ows 1o 2295 ol pressures o THE sy inn
4 moditicntions)
% Gimbal Stand Nonfiring gimbaling separately in the pitch and yaw planes; sinusoidal wave signal
3 ’ input to actuators at integral frequencies from 1 to 30 Hz. (Needs to be reactivated.)
3
T . N
j Humidity Chamber Salt atmosphere testing of BLIO engine with connndled soater, salt. and atthos
M meluding dey bulh wet ball temperature recorder vontrather 1Neerls 1o be reactnatods
§
¥ Vibration
5 small Tahle Vahe and componemt vibratem testing MEOModel ©C 050 Uil exerter at
frequencies of 5 to 2000 1 ane Farce ontpig as 25000 10 it ame (Needs 0 b
reaetivpied)
* Large Table Complere engine boramial o verticat vibration teston or MR A adel © 10 et
: X At fregenenoies of 5o Wi Hy e For et = 17W0 N peak sine

: The J-3 complex is equipped for both 3500- and SO0 psi tiaseous helinm <torie, a 3300 1

4 Haseons nitrogen storege, and a 28 000 al fiquid nitrogen dewar. Storage for liquid propellan: -

: includes liquid oxvgen, hvdrocirbon fuels, and storable oxidizers and tacls and a diked rail <pnr
for liquid hydrogen storage. High capacity, 23-mieron abeohute $ilrer are installed i the
propellant svstems to maintain particulate contamination at low levels,

An inplace flowmeter calibration system is installed in both the oxidizer and fael wvstems
; to provide flowmeter calibrations in the proper floid mediz ar the proper pressures and
temperatires using the test feedline contivoration. The required madifications to -2 tear ol 1o
permit testing of engines with high expansion ratio. extendible nozeles of Laree exitarca have not
been considered in this study,
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7.5 GROUND SUPPORT EQUIPRENT DEVELOPMENT PROGRAM
7.5.1 General
New ground support equipment (GSE) for engine development programs must be developed
. concurrently with engine development to ensure compatibility between engine and GSE
functions. Milestones for new GSE development should be inteerated with engine development
: milestones when an angoing program is identified, so that GSE will be provided for training and
B support of the first flight (PFC) engines to be delivered as well as tor operational (FFC) engines.
N New (SE development must be an integral part of engine manufacturing and testing.
The GSE items were presented in the Design Study of RL16 Derivatives (Final Report,
. FR-6011 Operational and Flight Support Plan, Volume [E Part 21 and are identified as existing
= and new GSE. These items are classificd info tour major groups.
; 1. Mechanical Equipment - Wrenches, covers, kits, ete.
2. FElectrical Equipment — Electrical checkout consoles
&
1 3. Inspection Equipment - Borescopes, leak tetectors, etc.
4. Handling Equipment - Maintenance stands. shngs, adapters. engine
g transporters, ete.
7.5.2 Identification of New Requirements
“ Design lavout reviews are conducted informally during the design and formally at the
‘ completion of the design 1o identity any nesw GSE requirements. Engine GSE design coordination
: and review is conducted to achieve the tollowing ohjectives,
;
: 7.5.2.1
Elimination of GSE requirements, where possible and practical. is a design objective.
2 Engine components and parts that require servicing, inspection, or maintenance are designed to
3 make use of standard tools instead of requiring special wrenches, pullers, tixtures, ete. When the
H engine design features which would be required to eliminate otherwise needed GSE significantly
1 . . . . . . . .
ks affect engine weight, manutacturing complexity or cost, tiade studies are conducted to determine
£ the best course of action, '
3
o 7522
B
Where elimination of GSE requirements is impossible or is <shown to be impractical by a
1 trade studv, design coordination and lavout reviews serve to identifv the GSFE requirements and
= assure compatibility of the GSE with the engine. Engine design lavout reviews by the engineering
g team respensible for the development of GSE, the engincering teams responsible tor the engine
i development, and the ILS-GSE team responsibie for the use and <upport of GSE in the field
g ensure the requirements for GSE are kept as simple as possible. and compatability of GSE is
: ensured with operational requirements,
Following the design lavout reviews, a maintenance engincering analvsis i< conducted on
. each maintenance significant engine item to identily the maintenanee tasks, labor <kills required
v and tooling needed, and to formally document each GSE requirement.
186
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753 Ecreening of Avgilable Assets

New GSE requirements having heen identified. a survey of existing Government and P& WA
equipment would be conducted to determine if there is any aveilable equipment which can
satisfactorily be used to meet these new GSE requirements,

During the screening process the possibility of using off-the.shelf. commerciallv availahle
equipment will alsn be reviewed as an alternative to modifving existing equipment. The purpose
of the screening process is to avoid the design and development of new equipment whenever
possible, thereby reducing program costs.

7.54 Design or Modification

Where new GSFE requirements have been identified which cannot be fulfilled by existing
equipment or the madification -f existing equipment. the design of new cquipment is required.

With design approach selection of a particular item of GSE. and with pieliminary drawings
complete, a Preliminary Design Review (PDR) would be conducted with NASA,

7.55 Development

The construction of new GSFE hardware is planned under the direction of the Development
Group. This equipment is put in use during the engine development program and must be
developed with the engine. Performance of the prototype GSE during the engine development
program permi's Fngineering to evaluate equipment design and cffectiveness. When develop.
ment expericnce indicates change is required. GSF designs are modified and these modifications
are incorporated in the prototype hardware for further evaluation. Where GSE is required
primarily for operational use, and usage in the engine development program does not provide an
adequate opportunity for evaluation, special tests are planned and executed by the Engineering
Group.

New GSE items requiring significant development effort would be developed to meet the
specific operational requirements determined and verified by the Tntegrated Logisties Support
groups, to provide checkout of the engine svstems and companents, and to provide ready handling
and transportation of the engine.

New GSFE items, such as handling devices, slings, maintenance stands, helium and nitrogen
supplies, tools, wrenches, and inspection equipment taken individually have relatively small
development impact. Where possible they are developed concurrently with similar cquipment
required in the development program.

7.6 OTHER END ITEMS AND SPECIAL TASKS

Sreliminary program planning estimates include one full-size mockep of the OTV Cngine to
be fabricated and kept at PRWAGPD. It will be updated by incorporating the latest encine
design configurations and proposed configuration changes and engine handling equipment wil] he
checked. A socond mockup of the lntest configuration ix planned for delivery to the Government
TBD moirh. from po.shead to be used for checkeut of engine handling cauipment, in<tatlation
and procedures

Puring the design of the OTV engine, the new parts required for preserving and packaging
of the engine are designed. Service and field operations engineers provide their inputs to *ji.

N

design 10 assure that they are compatihle with proposed GSE and handling equipment.
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The reusability of these devices provides for a cost-effective program. since the engine
assembly protection and certain packing devices will be used in the development phases to ship
and preserve engines heing transferred from the engine assembly area 1o the test facilities. The
transter of components for the development engines trom the assembly area to the test facilities
is also involved. Fnviroumental protection will alse be provided ¢ the engines during
transpurting, handling, and storing of the components end engines to prevent mechanical
damage and chemical deterioration that could joopardize engine reliability.

-

€ All new preservation, packaging and shipping devices. for both components and the
ki ' complete engine assembly, will be designed and tested during the develapment phases. Methods
] of handling and transportation should be established early to provide cost-effective protection for
engines and support items over the program Life evele.

Services, hardware, and supplies required to conduct a potential capability and adaptabili-
ty program {or the GTV engine for alternate or future space missions are not estimated in these
‘, program  planming  estimates. Such estimates would be furnished should there be such
/; requirements in an ongong program. Task assignments would be in, but not imited ta, the
following areas:

1. Performance Investigations

2. Technology Investigations and Exploratory Tests
3. Vehiele and GSE Sysiems Investigations

1 . 4. Engineering Analvais and Feasibihity Studies

=4

5. Engine Solutiens to Vehicle-Originated Problems.

7.7 VEHICLE DESIGN AND TEST COORDINATION
7.7.1 Generatl

During the development ot the Orhital Transfer Vehicle engine, questions and problems
are expected 1o arise which will atfeet both the vehicle contractor in the development of the
vehicle and the NASA in the operation of the OTV. The overall systems engineering approach
needed 1o make the OTV an operational success requires the complete coordination of all
matters that affect the total svstem. Engincering trade studies on the eagine cannot be
unilaterallv settled bt must take imo consideration the interactions ... be vehicle and the
needs of the Government as the user. To ensure direct and accurate itnes of communication, a
team of enginecring coordinatars are planned tor this etfort in an angoing program. -

R S

e

7.7.1.1 Change Coordination

Requirement Coordination Group Lield engineers will be in residence at the Government
tacilitics and the vehicle contractor’s facilities, and will contact these centers on a continuous
ha=ix to ensure a direet hink with PAWA Government Products Division. Close coordination
hetween resident engineers and the OTV Program s maintained through the Requirements

Bt ¥ g e

Coordiaation Group and Program Fuginecring,

55 e Taiagee

Assignment of a GPD in-house Intertace Coordimator withim the Requirements Coordination
Graup is planned to handle each center of field activity, He resolves probilens associated with the
Government operations center or vehicle contractors throngh the Product Support Engineer and
apprapriate Government vehicle persennel. The Interface Coordinator will he responsible for
receiving problems or questions from the tield and asagning internal action responsibility for
] rapid response to the tield, He will also be responsible tor action i the reverse direetion when
z requirements exist for information trom the field to support the OTV engine program.

)
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In performing these tasks. the Interface Coordinator will work very closelv with Program
: Engineering to ensure the proper response to hoth field and internal information requirements.
; Organizations such 8s Design, Svstem Analvsis, Materials, Integrated Logisties Support (1150,
: Maintenance, and Reliability are the source of hoth the data to be supplied to the field and
: P& WA requirements for data. Program Engineering will work with the Interface Coordinators in
both types of activity. The Interface Coordinator and Svitems Engineering interact to enable
data flow, assisting Program Management to make the required decisions with henefit of
visibility of possible impact on vehicle and engine integration. When the need for change arises
in the [nterface Contrul Document or Engine Model Specification in the opgoing program,
Program Engineering will initiate change proposals through a cantiguration control svstem.

JETR RS

B g (A2

7.7.1.2 Vehicle/Engine Integration

Of the many items requiring coordination between P&WA and the vehicle contractor,
none is more important than the integration of the engine with the vehicle svstem. Though
control documents specify many requirements and interfaces, past engine installation ex-
perience has required an effective coordination effort to maintain design and hardware
schedule dates. The Field Engineers will coordinate the details of engine installation. including
continual updating of the engine installation mockups at the vehicle contractor's plants. Minor
configuration change coordination in either engine or vehicle that lead to a be'ter and maore
maintainable engine installation is planned through the Field Engineer. During the onguing
program, engine checkout procedures and vebicle checkout procedures involving the engine, to
be published in the contractor’s technical publications, are to be supplied, reviewed, and
coordinated as necessary by the Field Engineer.

Ry o

i e b

A principal tool to be used to handle interface information will be the same Coordination
Sheet procedure used during the initial study phases. It is used to transmit questions and
replies between P&WA and the NASA or the vehicle contractor. The coordination sheet will
also serve as a control document to make sure all requests are answered.

EEE VY PR,

All P&WA support etfort which would be supplied 1o the OTV program st aperational sites
will he under the direction of the P&WA Site Representative The P&EWA support team will be
tailored to the needs of the program activity at the site and will supply both logistical and
technical rupport,

NG A e

Logistical support functions that are planned 1o be furnished in an ongoing operational
program will include the warehousing and inventory control of support parts, performance of
engine maintenance on installed engines. support for the operation of a site engine shop to
perform second-level maintenance, operation and maintenance of engine GSE. and assistance to
the vehicle contractor on engine instullation and removal. P&EWA would provide qualitied
personnel for engine inspection for quality control of engine work accomplished onsite or on
engines and components received at the site. Field Service Representatives from P&WA. critical
component vendors, and GSE specialists are planned to be part of the logistical team to provide
technical advice, on-the-job training. and intormation tor discrepancy reporting.

Technical suppart during operations will he supplicd by Field Engineers, Performance
Engineers, Instrumentation Engineers, and Data Reduction Anadvsts. Review of engine data
from bath functional and performance standpoints would be accomplished at the site or when
more detailed analysis is required: the site technical personnel will transmit the data 1o the
Development Engineering Group at PEWAGPD. Results of PEWAGPD investigations an
either engine data or material from the operational site will be reported back o interested
NASA ind vehicle contractor personnel at the site by P&WA. Toechnical advice and as<istanee
B on engine instatlation, intertace, and operational problems wonld be supplied by the P&WA
: Field Engincers. ’
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Coordination of all engine activity at the site with the vehicle contractor and the NASA
will be the responsibility of the P&WA Field Engineer. It is anticipated that prior to the start
of operations at the site, an Associate Contractor Agreement (ACA) would be completed
between P&WA and the vehicle contractorts). This document would specify the areas of
operation and task Leenonsibilities in all areas of engine/vehicle interface, such as installed

i
h

! engine maintenance and reduction of engine flight data recorded on the vehicle on-board
recorder. P&EWA completed such agreements on previous programs and found it very helpful
to use this approach in avoiding overlaps or oversights in interfacing areas of responsibility. Bv

; completing the ACA prior ta the start of operations at a site, it would be possible for P&EWA to
i specitically tailur the site support service and makeup to meet program needs.
b 7.7.2 Support Services
i
Some of the services that are puanned to be supplied at each vperational site by P&WA in
an engoing proxram are reviewed in the following paragraphs.

§ y

1 " 7.2.2.1 Fiald | evel Modilications, Repair and Maintenance

i Field level engine modifications, repair, and maintenance at the aperational sites could he
i accomplished bv P&WA technicians and inspectors under the supervision of the P&WA Field
Service Representatives. Though engire technicians supplied by NASA. the vehicle contractor,

: or a third party are pianned to be trained and supported by P&WA Service Representatives at the

i . site, P&WA engine technicians and inspectors could be used at the start of operations and

! B continue until operational capahility has bheen established. This approach has an advantage

i3 N during the ground and flight test program when engine maintenance procedures. operating

% pracedures, and technical publications are being validated and revised. Technicians working
o directIv for the engine manutacturer have direct lines of communication to report discrepancies
1, : and reccive instructions fur corrective action. Using this approach on the SR-714158 Program.
5 P&WA was able to uncover and correct aperational-tvpe prablems much sooner and maore
1‘- completely than is normal in a new vehicle program. :
VA

Maintenance on installed engines would be accomplished in keeping with the agreements
[

1 completed with the vehicle contractor in the Associate Contractor Avreement, Maintenance on
; uninstalled ennines and GSE would be accomplished in a site engine shop by the engine
N technicians and inspectors,
LI
: ¢ 7.7.2.2 Checkout and Operation of Delivered Hsrdware
w Assistance to the vehicle contractor in the checkout and operation of the engine will be
h ; provided by the engine maintenance team supported hy a Field Serviee Representative and Field
Fangincer. Fngine-otiented vehicle contractor personnel should attend one of the engine training
i programs prior to operations, but onsite training and technical assistance will be avaitable from
the P&WA personnel.
7.7.2.3 Removal and Replacement Documentation for Engine and GSE
@ Removal and replacement of engine and GSE components tor maintenance or repair will be
accomplished by the engine maintenance team using documentation as required and agreed toin
1 the Associate Contractor Agreement and approved by the Government. Configuration accounting
‘ ; and documentation responsibility would be assumed by the engine maintenance team for items
under their control for maintenance or repair.
i .
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: 7.7.24 Pisaning and Scheduling
: i
: : Participation in engine and vehicle planning and scheduling activities fur maintenance and
‘ operation would be the responsibility of the P&WA Site Representative.
K 7.7.2.5 Product Integrily Surveillance
H -
P ﬂ Product integrity surveillunce of axsociated engine, GSE, and vehicle interface taxks would
3 be supplied by the inspectors in the engine maintenance team or in special cases by Field
f Engineers for all work accomplished by the engine maintenance team. On work accomplished by
3 other than the engine maintenance team, quality control surveldlance assistance wonld be
B supplied. Details of product integrity responsibility in engine vehicle interface areas would be

spelled out in the Associate Contractor Agreement to avoid operationad contusion.

iy m

7.7.2.6 Discrepancy Followup

Engine, or engine GSE material found discrepant, will he the subject of an investigation
at the site by the Field Service Representative and Field Engineer. After completion of the
local investigation, the material, with the investigation findings, will be forwarded to the
Service Investigation Group at P&EWA/GPD for further review, as necessarv, with the OTV
Development Engineering Group. Results of the findings of either an onsite or engine factory
investigation of engine discrepant material would be reported to the Government. The same
information will be supplied to the Government and vehicle contractor personnel onsite by the
P& WA Site Representative,

o e PPt P
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7.7.2.7 Engine Flight Data Requirements

A
ke 114,

Enginc-oriented communications, tracking, and data acquisition required by P&WA are
minimal and listed in the preliminary Interface Control Docament. ‘Though there are about 14
selected parameters on the engine which will supply information on the engine's operation and
condition, all of these can be stored on the Orbital Fransfer Vehicle flight recorder for study
after a Night. Special and extra engine instrumentation will be required for a few of the early
flights during the operational program. The retrieval of data from this flight test engine
instrumentation mav he accomplished by an on-board mapnetic tape recorder. Vehicle contrac-
tors generally expect to accept engine-supplied data on their on-board flight recorders and
plan to be responsible for delivering the data reduced from recorder tapes, to the engine

I

-

PP AFIOES
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’ contractor after each flight. In keeping with the vehicle contractor plans, P&WA would not
-1' i anticipate needing clectronic data reduction cquipment at the site location. If required, Iata
3 1 Analvsts, Performance Fngineers, and Field Engineers from the P&WA OTV Engineering
i p . n R ~
\ i Support Team would assist in processing the flight test data supplied by the vehicle data
2 veople after cach flight and make the results available to the Government and vehidle
: peoj 2
3 engineers on the site.
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Pratt & Whitney Aircraft Group

FR-13168
Volume 11

SECTION 8

CONCLUSIONS

The RL10 and its derivatives are the only high performance upoer stage engines that can

be operational in the 1950,

The RLIO derivative engine has a specific impulse within 4'¢ of all OTV advanced
engines.

RL1O derivative engines can provide the highest demorstrated reliabiiity for OTV

apphications,

An expander ovele engine is inherently more reliable than a staged-combustion cycle
engine. For example, the single burn demonstrated reliab.lity of the advanced-expander
evele engine considered in this study is estimated to bhe 09967 (at FFC) while the
ctaped combustion cvele engine is estimated to have demonstrated a reliability of 0.9892

Gat FFC).

There is no significant  performance difference between advanced-expander and
staged -combustion cvele engines.

The expander cvele engine pros des as much potential for performance growth as a
stipred - combustion evele engine for QTN applications.

A hizh thrust expander evele engine provides good performance and long life at low
thrust operating conditions with no need for kitting.

There 1s a substantial ditference in development cost between the advanced- expander
evele and staged-combustion evele engines. .
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I i RECOMMENDATIONS
1. Work should be initiated on RL10 derivative engines to support a 1987 OTV operational
£ capability.®
Y
4
4 2. Further OTV system definition work should be accomplished to better define en-
, gine/vehicle intertace requirements and sensitivities in areas such as low thrust operating
T requirements and full thrust NPSH levels.

v programs should be initiated in composite materials, the thrust

t turbopump areas leading to a data base on these ¢
nder cvele engine design can be hased.

Component technolog
chamHer/nozzle and fue
on which an advanced-expa

B
S

ritical items

g

¢ should be dropped from further consideration for advanced
cost, lower reliability, and no significant
ivanced-expander cyvcle engine.

Lers, S

4. The staged-combustion cvel
OTV applications due to its complexity. higher
performance difference when compared to an a¢

S

*See PEWA FP80-807 RLIO/RLIO Derivative Fngine Program for the 1980's, 3 March 1980,

e

et Loy b o Sae 4 Tt

SN

| Y ke e A b Sk e e

~»
At T A A

e

e

S . 193




